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ABSTRACT 
The description, equipment, and results of a series of pile-driving experiments con-
ducted in a centrifuge using a model pile driven in dry sand are presented. 
The work was conceived on the basis of the modelling of a soil-structure system under 
an artificially generated gravitational field, and motivated by the need for experimental data 
for a better understanding of the complex phenomena involved in the pile-soil interaction 
during driving. The behavior of the pile itself has been the focus of more attention in the 
past, but few full-scale or model experimental results have been obtained to the present 
concerning the soil stress field during pile driving. These are necessary for comparison with 
analytical and theoretical work. The work presented here appears to be the first attempt 
to obtain dynamic response of the soil during driving. The objective was to obtain a good 
understanding of the physical phenomena occurring in the soil and pile during driving. 
In order to achieve these objectives both dynamic (transient) and static responses of 
the soil and pile were measured by means of transducers: accelerometers and strain gages 
for the pile, pressure transducers for the soil. In particular, the relations between static 
and dynamic data were explored, which resulted in the modelling of the soil-transducer 
interaction with a non-linear, history-dependent, model. 
Results were obtained regarding pile dynamics, soil dynamics, and soil stress field 
(radial and vertical distribution, stress contours). Both linear and soil-cell model assump-
tions were used, which enabled a comparison between the two, leading to an estimate that 
each constitutes a bound of the real stress field, with the linear giving the higher, and the 
non-linear the lower bound, and the true stress being closer to the lower bound. 
The soil response during driving is obtained, filling the gap in the study of the pile-soil 
system, where only the pile response was known. Recommendations for further work and 
better experimental procedures are given. 
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Chapter 1 
INTRODUCTION 
The use of piles is the oldest method of overcoming the difficulties of_ providing a 
support on soft soils; it dates back to the prehistorical lake villages. Nowadays, piles are 
frequently required a.s the primary foundation support in poor soil for a wide variety of 
buildings, bridges, towers, dams and other massive structures. Piles can be divided into 
two groups: displacement piles and bored piles, according to their method of placement 
into the ground. Displacement piles are placed in the ground by operations such as driving, 
jacking or vibration, while for bored piles a hole is excavated into the soil prior to their 
installation. Pile driving is a dynamic procedure in which the pile is forced into the soil by 
means of impacts of a mass on the pile head. If the energy transmitted by the falling mass 
to the pile is sufficient to overcome the dynamic resistance of the pile, then, at each blow, 
the soil surrounding the pile is displaced to allow for the penetration of the pile, and the 
pile experiences a permanent downward displacement. The diversity of pile types, driving 
equipment, and of designs in all sorts of soils, including layered soils, presents the designing 
engineer with great difficulty in establishing a safe but economical installation. 
1.1 PILE DRIVING DATA AND ANALYSIS 
Pile design is guided by the axial capacity that needs to be achieved. Because of the 
costs involved in performing axial static tests, only a small percentage of piles is actually 
tested. For small projects, the testing expense can exceed the installation expense. In some 
cases, such a.s offshore installations, the large loads and physical restrictions practically 
prohibit this approach. Therefore, an installation criterion often must be established by 
other methods. 
One of the tools in the analysis of pile driving has been the use of dynamic formulae 
based on an idealization of the action of the hammer on the fully embedded pile, and 
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obtained from energy considerations. A review of some of these formulae are found in 
Sorensen and Hansen [146], Poulos and Davis [111], Holeyman [65]. These formulae reduce 
the design of pile foundation to a very simple procedure, but present obvious deficiencies and 
unreliability because pile driving cannot be accurately analyzed by rigid-body mechanics. 
D.V. Isaacs (1931) and E.A.L. Smith (1960) first developed an analysis using wave 
theory that takes into account the fact that the impact of the hatnmer on the pile produces 
a stress wave that propagates down and up the pile, or in other words, the entire length 
of the pile is not stressed simultaneously as assumed in the dynamic formulas. The finite 
difference scheme, for the one-dimensional wave equation introduced by E.A.L. Smith [141], 
where the pile is discretized into lumped masses connected by springs and the soil response 
is represented by a series of rheological model (Figure 1.1 ), is a major step in the analysis 
of pile driving. The Smith soil model consists of a spring and frictional element, which 
gives an elastic-perfectly plastic response, in parallel with a dashpot for viscous damping, 
Figure 1.2. The driving equipment is also discretized. 
The development of numerical models for the analyses of pile driving based on the 
one-dimensional wave equation, which evolved from this work, aims at offering a tool to 
the engineer to estimate the ultimate load capacity of a pile from the pile's dynamic re-
sponse during driving, and to choose the best suited driving equipment. From this point 
of view, Holloway et al. [67] present and compare various models. Goble et al. [59] give a 
review of the development of the various measurement techniques and the analysis methods 
for the interpretation of the pile dynamic response during driving, in order to assess pile 
bearing capacity, integrity, driveability, and driving equipment performance. In these mod-
els, the pile is treated as an elastic rod and only one-dimensional stress wave propagation 
is considered. The soil response is represented by spring, dashpot, and friction elements 
distributed at discrete points along the pile length. Dynamic measurements of the force 
and acceleration of the top of the pile are done during the actual driving (e.g., [9], [26], 
[33], [44], [45], [56], [85], [90], [116]). A set of soil parameters is selected, and the measured 
acceleration is used as input to the model (boundary value). Then using the model, the soil 
response is computed as well as pile element displacement and forces. The soil parameters 
are interactively changed to obtain good agreement between the measured and calculated 
pile top force. When good agreement is reached, the soil parameters are considered best 
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estimate values, and are then used for the prediction of the pile static load curve. Limita-
tions of the method arise because of shortcomings in the soil model and the non-uniqueness 
of the solution. It is crucial to adequately model the dynamic pile-soil interaction so as 
to estimate, from the predictions of the pile performances during driving, soil parameters 
that really represent the characteristic of the soil. Thus, in turn, a reliable distribution of 
the soil resistance along the pile and at the toe can be obtained. 
The modelling of the pile in the one-dimensional model is straightforward; the difficulty 
in the modeling of pile driving lies in the representation of the soil behavior. Since the work 
of E.A.L. Smith, a very large number of publications have dealt with the improvement 
(e.g., (6], (17], (48], (57], (58], [59], [72], (91], (98], (115], (121], (122], (123], (140], [141], (152], 
[153]), or implementation of new soil models (e.g., [15], [27], [29], [34], [39], [60], [66], [79], 
[82], [84], [88], [114], [160]). In the last decade the need for soil models using parameters 
that have some analytical or physical basis, rather than simply empirical correlation, has 
been recognized (Holeyman [65], Simons and Randolph (1985), Corte and Lepert [34]). The 
finite element method (e.g., [70], [164]) has been applied to solve the dynamics of the pile-
soil system under one impact. The use of finite element models (Smith and Chow [143], 
Levacher [83], [84], Couthino et al. [35], [36], Ebecken et al. [47]) offers the possibility 
of a three-dimensional analysis of the pile driving problem, and allows the modeling of 
the full soil continuum. This improvement over the simplified one-dimensional approach 
provides more understanding of the dynamic soil-pile interaction, and shows the importance 
of inertial effects neglected in previous one-dimensional models. Although finite element 
analysis of pile driving can help in the development of improved simpler models (Randolph 
[113]), it is still limited because of the difficulty in handling wave propagation into two very 
different materials, the large deformations involved, the separation soil-pile, the limitations 
in soil constitutive models, and the very high computational requirements. 
1.2 WHAT IS NEEDED 
Some 450 pile driving formulae exist, and are now less and less used. As mentioned 
above, pile driving analysis by the wave equation analysis has been developed over the 
last decades. Since the beginning, the various investigators have shown good agreement 
between the prediction from the different models and experimental data (e.g., [17], [73]), 
and no agreement (e.g., [22], [63]). New programs have been and are being created, and 
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improvements added to existing ones with a trend which seems far from converging. Sev-
eral international conferences specializing on the application of the stress-wave theory on 
piles have been held. This only demonstrates that engineers are still uncomfortable with 
the analytical and numerical techniques available and with their ability to predict field 
performance of a pile. 
Analysis methods are still inadequate and a better understanding of the physics of 
pile driving and axial loading is required. A way to gain a better understanding of the 
complex phenomena that control pile driving is through experiments that give real data. 
Experimental data provide a basis for the development and calibration of numerical models 
that otherwise can be cut from physical reality. The need for experimental data as expressed 
by Smith [142] is still very present. 
The insertion of the pile provokes a perturbation in the surrounding soil, which is 
translated into a change of the stress in the soil. This change in the stress field evolves 
as the pile penetrates deeper into the soil. As a consequence of driving, the disturbed 
soil surrounding the pile, in a new state of stresses, exhibits new strength characteristics. 
The ultimate capacity of the driven pile depends on the final properties of the soil that 
surround it. Pile driving analysis, using the one-dimensional wave equation, attempts to 
predict the static capacity of the pile from dynamic measurements of the pile response 
to the final hammer impacts. Although the pile response reflects the interaction between 
the pile and the surrounding soil, a proper understanding and modeling of this dynamic 
interaction is lacking; furthermore, the correlation of the dynamic and static interaction is 
not established. A study of the regularities of the change of stresses both at the pile-soil 
interface and in the soil around the piles during driving and at rest is a necessary condition 
for developing analytical and numerical methods. 
The soil stress field around piles driven in clays and saturated soils has been the subject 
of some experimental studies (e.g., [8], [86]). The analysis of the expansion of a cylindrical 
cavity has been applied to the understanding of the state of stress around driven piles in 
clays (e.g., [23], [24], [40], [42], [106], [157], [163]). In Davis et al. [42] the theoretical pore 
pressure increase obtained from the analytical solution for a rapid undrained expansion of 
a long cylindrical cavity is compared with the various field test data. With the large scatter 
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of experimental results it is difficult to confirm the validity of any theoretical development. 
Obviously more experimental information is required. 
In the analysis of pile driving, much attention has been given to the dynamic response 
of the pile. As mentioned above, the improvement of the current pile-soil models rests on 
the study of the pile response to the hammer impact. Knowing that the major difficulty 
in the characterization of the pile-soil model lies in the modeling of the soil response and 
the pile-soil interaction, it is proposed here not to restrict the analysis to the response of 
the pile, but to also study the response of the soil during driving. This gives, then, the 
complete actual representation of the response of the pile-soil system from both the pile 
and soil point of view. This information on the soil response is essential in the development 
of numerical models for pile driving, in order to improve soil modeling and obtain better 
characterization of the soil properties following driving. 
1.3 PILE DRIVING EXPERIMENTS 
The ideal situation would be to measure and monitor the stress field around a pro-
totype (full scale) pile both during and after driving. This is not practical even if one has 
the required financial means. Because the effects of pile installation decay quite rapidly 
with distance from the pile, measurements have to he made quite close to the pile. The 
difficulty with full scale experiments lies in the placement of the instrumentation in the soil, 
the changes of the soil conditions that result, and the precision in the estimation of the 
gage location. Also, the non-uniformity and often unknown characteristics of the prototype 
soil increase the level of complexity of the analysis. All these difficulties make the validity 
and utilization of the results obtained (for other piles and soil conditions) at the very least 
questionable. Also, in some cases, as for offshore foundations, this is simply not possible. 
In the development of analytical and numerical analysis methods, the first stage is to eval-
uate the fundamental concepts, and confirm the predictions with experimental data. The 
following stages then involve the expansion of the theory to study more complex cases. 
Model experiments offer an alternative to obtain data under controlled conditions, in 
particular uniform soil properties, as a basis for theoretical comparisons. The control over 
the parameters is an essential tool in the study of fundamental phenomena governing a 
complex problem. The results of a model experiment are valid when in the model, the true 
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conditions, which exist in the real prototype problem, are modeled correctly. Because of the 
dependence of soil behavior on ambient stress conditions, centrifuge modelling is a powerful 
technique in geotechnical investigations. The centrifugal acceleration field recreates the 
same stresses and strain at homologous points in the model and prototype. Analytically, 
the approach has been the subject of a number of studies and justifications, see Appendix 
A. Experimentally the use of the centrifuge in geotechnics has proven useful in many areas, 
in particular in the study of pile behavior (e.g., [75], [134], [129], [130], [136]) and also soil 
dynamics (e.g., [21), [71)). Model pile experiments in the centrifuge were first conducted 
with the pile installed in a soil container at lg prior to testing at a higher g-level. A review 
of installation procedures for model piles tested in a centrifuge is given by Craig [38], and 
some errors in prediction under various loadings, due to the effect of lack of similarity in 
installation between model and prototype, have been singled out. It was recognized that 
to maintain the correctly-scaled stress field around the pile and pile-soil interaction it is 
necessary that the model pile be driven and tested in flight; a mechanism capable of driving 
the model in flight on the centrifuge was built and tested, Allard [2]. 
In-flight pile driving experiments have been conducted in the Caltech centrifuge to 
evaluate the driveability of piles, Allard et al.[4]. Other investigations of driving and static 
loading of piles in a centrifuge have followed (e.g., Nunez [101]). Another experimental 
technique for geotechnical investigations, the hydraulic gradient method, has been used to 
study the driving and subsequent a..xial loading of piles in saturated sand, (Zelikson [165]). 
Measurements of pile dynamic response have been obtained as well as some information on 
the pore pressure and total stress field around the pile. The need for stress measurements 
in the soil around the pile for the resolution of the pile driving problem has been addressed, 
and the lack of adequate instrumentation and soil stress information has been recognized. 
1.4 THESIS 0 UTLINE 
The work presented in the following chapters consists of experiments on piles driven 
in flight in the centrifuge in a uniform dry sand. The objective of the investigation is to 
study both the dynamic and static stress field in the soil around the pile during driving, to 
gain a better understanding of the dynamic pile-soil interaction. 
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Experimental data can be obtained by conducting model pile-driving experiments in 
a centrifuge. This involves the design, building and procurement of special equipment and 
instumentation. The size and characteristics of the Caltech centrifuge guided the choice 
of the many parameters in the experiments. It is possible to study the behavior of the 
pile-soil system by monitoring the response of the soil and the pile during driving using 
various transducers and data acquisition systems. The equipment and instrumentation are 
presented in Chapter 2. Test procedures and data acquisition and reduction methods are 
discussed in Chapters 3 and 4. Because of the particular interaction between the soil and 
the pressure transducers, the interpretation of the cell measurements requires a careful 
understanding of the phenomena occurring at the local level of the cells. A non-linear 
soil-cell model for the evaluation of stresses in the soil from gage readings is developed in 
Chapter 5. Experimental results are presented and discussed in Chapter 6. The stress field 
data is reduced and interpreted according to a linear approximation as well as to a non-
linear model, and the results compared, permitting the conclusions and recommendations 
proposed in Chapter 7. 
Figure 1.1 
Figure 1.2 
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Chapter 2 
DESCRIPTION OF EXPERIMENTAL FACILITIES 
2.1 CENTRIFUGE EQUIPMENT 
2.1.1 Caltech Centrifuge 
The centrifuge used for the pile driving experiments is shown in Figure 2.1. 
The centrifuge rotates in the horizontal plane and is rated at 10,000 g-pounds payload 
capacity. At each end of the symmetric arm is located an 18 x 22 inch magnesium pivoting 
mounting frame. The distance from the centrifuge axis to the mounting frame pivot is 
36 inches. The f:!-Cceleration range, at a 40-inch radius, is 1 to 175 g. Electrical power 
and signals to and from the rotating arm or frame are conducted through 44 sliprings of 
various capacities from 10 to 30 amps. Two rotating unions can offer 4 hydraulic sliprings 
for compressed air or hydraulic fluid. More details about the technical aspects of the 
centrifuge are given in several publications (e.g., [3], [71], [104], [132]). 
2.1.2 Test Containers 
As can been seen from the previous description, the Caltech centrifuge is of a 
limited size both in geometry and load capacity. To conduct a pile-driving experiment in 
the centrifuge, a vertical clearance at the experimental platform of at least two-and-a-half 
times the pile model length (L) is needed. Before driving, the pile sits vertically on top of 
the soil, so that its height above the surface is L, and the pile will be driven in soil of a 
depth of at least 1.5 L to limit the boundary effects. Thus a general-purpose soil container 
was not suitable. In order to make as much use as possible of the weight available for the 
experimental platform, the pile driving tests were performed using, in the first phase of 
the experiment, a special bucket constructed by Chevron Oil Field Company in La Habra, 
California. This bucket is both mounting frame and soil container. A photograph of the 
bucket, a cylindrical vessel 22 inches long and 6 inches diameter, mounted directly on the 
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centrifuge arm, is shown in Figure 2.2. The apparatus for driving and testing the pile in 
flight was designed for this container; it is described in the section 2.1.2. 
The first series of experiments (referred to as SA hereafter) conducted in the Chevron 
bucket led us to the conclusion that the radial boundary conditions were affecting the 
driving process. Soil stresses on the container wall generated by the pile-driving were not 
as small as previous studies had shown (e.g., [5], [86]), and could not be neglected. There 
were two ways to solve this problem: either reduce the model pile diameter, or increase the 
size of the container. The first solution was abandoned because the new size requirements 
for the stainless steel tubing, out of which the model pile is made, were out of range for the 
commercially available stock. Also the strain gage instrumentation of a smaller diameter 
tube would be very difficult; and acceleration measurements would be impossible. Therefore 
a larger container and its mounting frame were designed and constructed for the second 
series of experiments (referred to as SB hereafter). 
The second bucket is shown in Figure 2.3. The soil container can be separated from the 
mounting frame; it consists of a cylindrical stainless steel vessel 2 feet tall and 10. 75 inches 
in diameter. An exterior ring at about 1/3-height is used as a connection with the frame, 
which consists of a platform with a circular hole in which the container fits, see Figure 2.4. 
The design of the new bucket was carried out following centrifuge requirements, simplicity, 
and cost considerations. 
The Chevron bucket offers a very strong and efficient structure, especially considering 
the centrifuge constraint on weight. However, its construction is delicate and requires 
advanced professional fabrication equipment and experience. One of the major difficulties 
in building a test platform for the centrifuge lies in the necessity of getting a perfect 
alignment of the bearings of the mounting frame so that the bucket would get to the proper 
operating position during flight. For this reason it was decided to use the bearing plates 
of one of the existing magnesium mounting frames, abandoning the idea of a combined 
frame-container structure. The magnesium platform or plate is replaced by a light frame 
composite aluminum platform with a center hole where the new cylindrical soil container 
fits. A mandatory requirement was to stay within the load capacity of the centrifuge. The 
total weight for the mounting frame plus container, soil, driving, and testing equipment was 
therefore limited. The diameter of the container was chosen as a function of construction 
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material availability and soil volume considerations. The mounting frame structure is based 
on a light-weight design concept with two plates linked together by stiffeners. For reasons 
of simplicity and time the same operational concepts were used as for the Chevron bucket, 
retaining the pile driving and bearing capacity mechanisms with as few modifications as 
possible. 
The design of the platform was performed on a first approximation using beam analysis 
theory, and complying with the requirements for size, weight, assemblage, and welding. 
It was further improved using a simple finite element analysis executed with a program 
supplied by Prof. John F. Hall. A finite element mesh is shown in Figure 2.5; it makes use 
of the two symmetries of the platform. The Young's modulus, Poisson's ratio, unit weight, 
and height of each plate element of the mesh were calculated to provide the characteristics 
of the composite platform. After completion, the platform was instrumented with strain 
gauges, see Figure 2.4, on the outer sides of the top and bottom plate near the center hole, 
to check the maximum compressive and tensile stresses experienced by the platform under 
full load during flight. Calibration of the platform, under various loading configurations, 
was done in the centrifuge. Predictions of stresses in the platform for the different loadings 
were obtained with the finite element analysis. The experimental results and the numerical 
model gave good agreement. Figure 2.6 shows the comparison of the maximum compressive 
and tensile stresses obtained during calibration and with the finite element analysis for 2 
loading cases: 
a. load applied along the center axis for maximum bending. 
b. load applied along the circumference of the center hole: soil bucket in place. 
2.1.3 The Pile Driving Mechanism 
The pile driving mechanism designed by John Lee and Prof. Ronald Scott fits 
in the upper part of the pile test container, see Figure 2.7. It is made of a rigid structure 
connected to the container and fixed during driving, and of a moving part on which the 
model pile driver is attached. The model driver will drive the pile, situated just underneath 
it, into the soil, in flight. 
The first part, the frame, consists of two one foot tall columns held together by two 
circular plates of diameter slightly less than six inches. One plate of aluminum is at the 
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base of the columns, which were forced into it to ensure rigidity. The other plate of lucite is 
near the top (its height is adjustable). Each column has two diametrically opposite rows of 
notches equally spaced (1/8 in.), over the total driving length of 8 in .. The second part, the 
carriage, consists of a horizontal beam that slides up and and down the columns. Ratchets 
are placed on the carriage so that when they are in position they fit into the notches of 
the columns and prevent upward motion of the carriage relative to the frame. A small 
pneumatic piston ("Tiny Tim") is attached to the top of the carriage to act as the model 
pile driver. 
The frame, during driving, is at a fixed position inside the container. The mechanism 
is suspended by its columns to two sets of horizontal rods connected together above the 
container. Three teflon screws on the edge of the bottom plate allow for the positioning 
of the frame inside the Chevron bucket. Four aluminum extension legs, attached to the 
bottom plate, allow for the positioning in the large container. Figure 2.8 shows the actual 
mechanism. 
Tl1e pile is placed underneath tl1e carriage and is forced into the soil by the action of 
the model pile driver. The impact cycle is shown in the illustrations on Figure 2.9: 
- 1st sketch: the stroke of the piston is near its minimum, the pile is resting on the soil 
and supports the carriage. 
- 2nd sketch: the stroke is at its maximum, the pile is hit by the hammer, and by the 
energy transferred to it, the pile is forced down into the soil. 
- 3rd sketch: due to the effect of gravity (centrifugal acceleration) the carriage slides 
down until it rests on the pile again. A cycle of the pneumatic piston is completed, 
and we return to sketch 1 configuration with the pile deeper in the soil. Because of 
the ratchets, upward movement of the carriage (and therefore of the pile) relative to 
the frame or to the container is prevented. Thus only downward motion of the pile is 
permitted. These sequences are repeated and the pile is driven into the soil. 
The model pile driver, consisting of the pneumatic piston simply connected to the air 
source, originally did not perform very well. Because of the length of the air tubing and the 
frequency of driving, a few Hertz, it is assessed that a cushion of air forms in the chambers 
of the piston. As a consequence the power delivered by the piston is substantially reduced. 
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The flow of air through the piston has been improved by the addition of two solenoid valves. 
These valves, Figure 2.18, installed on the centrifuge arm and activated by the computer 
through relays, control the flow of air in and out of the chambers of the piston. The driving 
frequency is easily adjustable in the software. For mechanical reasons a frequency in the 
order of lHz is employed. The implications of this restriction are discussed in the section 
on scaling. A second reason for a low initial efficiency of driving was that the ram of the 
piston moved before air pressure fully built up. A simple mechanism with a groove in the 
ram's shaft and an 0-ring in the piston body holding the ram in its upper position has 
been added. Thus the ram moves down only when the pressure reaches the level needed to 
release the 0-ring from the groove; the impact is then much stronger, the energy delivered 
to the pile higher, and consequently the driveability is improved. 
One of the crucial aspects of driving is in the alignment of the pile. If the pile penetrates 
into the soil at a small angle off of the vertical then the destabilizing action of the soil will 
increase this angle as the pile gets deeper and this will lead eventually to the buckling of 
the pile, see Figure 2.10. The pile is guided at the top using the pile cap and through 
the bottom plate of the mechanism, see Figure 2.11. The pile cap is attached to a tefion 
cylindrical sleeve that slides along the guide built into the lower part of the carriage, see 
Figure 2.9, sketch 2. Therefore, a connection between the top of the pile and the carriage 
is always preserved. A piece of teflon with a hole whose diameter is a few thousands of 
an inch greater than the pile outside diameter is placed at the center of the aluminum 
bottom plate of the mechanism. With these two guides we ensure a perfect positioning of 
the pile before penetration, and maintain the pile alignment during driving, since the pile, 
mechanism and container axes coincide. With the large container, alignment is a problem 
because perfect circularity of the container is lost during construction. In the small bucket, 
the general positioning of the pile driving mechanism frame inside the large container was 
carried out at the top using the horizontal suspension bars. Extension legs were attached 
to the bottom aluminum plate of the frame, to provide contact with the container wall now 
farther away from the plate edge. Two of the legs have a spring-loaded ball bearing at the 
end to provide adjustable length and contact force, see Figure 2.12. Because of the small 
thickness of the wall (0.134"), the cylindrical part of the container deformed during the 
careless welding of the closing head, the mid-height heavy ring and the top angle ring. No 
reference was left with which to find the central vertical axis of the bucket. Consequently 
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the adjustment of the legs was done on a trial-and-error basis. The two guides and holding 
system for the pile in the driving mechanism are the same as before. In Figure 2.12 we 
can see the :flexible tubings connected to the 2 chambers of the piston, which allow for the 
motion of the driver during driving. The :flexible PVC tubing is reinforced by a spring to 
preserve flexibility and prevent squashing of the tubing in flight. 
As explained in the functioning of the mechanism, the carriage holding the model 
hammer rests on top of the pile. In other words, at all times the pile has to support 
this driving structure: carriage plus driver. At the very beginning of the test when the 
centrifuge is spun to the experiment acceleration level, there is a critical stage where the 
pile, resting only on top of the soil, cannot offer enough bearing resistance to support the 
driving structure. The pile then penetrates into the soil until enough bearing capacity is 
reached. This is undesirable, and thus, to prevent penetration prior to the actual driving, 
the pile is held at its initial position with the mechanism shown in Figure 2.11. The idea 
is to use an aluminum sheet whose thickness is such that it provides just enough strength 
to support the weight of the driving structure. The first impact of the driver on the pile 
causes the pile to punch through the aluminum foil and start the penetration into the soil. 
2.1.4 The Pile Static Loading Mechanism 
The ultimate object of pile driving analysis is to estimate the bearing capacity 
of the driven pile. At the experimental level this means that after the pile is driven, it 
is necessary to perform an axial loading test on it. In our setup, the driving mechanism 
takes the pile to the depth of interest, where the pile static loading mechanism is activated, 
and the bearing capacity of the driven pile is obtained. This loading mechanism is an 
extension to the driving mechanism. From Figure 2.7 we see that the frame is suspended 
by its two columns from the horizontal rods that hinge from a fulcrum bolted to the lip 
of the container. The outer hydraulic piston is inactive during driving, and constitutes 
the second support of the rods. When activated it can push or pull on the two rods. 
It thus transmits an up or down translation to the frame with respect to the container. 
As mentioned before, the carriage will undergo only downward movement relative to the 
frame. Therefore, by activating the hydraulic piston, penetration of the pile into the soil 
is induced under rate-controlled loading. Figure 2.13 shows the sequences involved in a 
bearing capacity test. 
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- 1st sketch: reference configuration; the hydraulic piston is in the lower position. 
- 2nd sketch: the piston is going up, pushing the frame up. It can be seen that only 
the frame undergoes an upward movement. The carriage subjected to the centrifuge 
acceleration does not move and allows the columns of the frame to slide up; the ratchets 
will then occupy a new position further down the columns. 
- 3rd sketch: upper position of the piston; the pile is still at the same level in the soil. 
- 4th sketch: the piston is going down, pulling the frame down. Because the ratchets 
prevent upward motion of the carriage relative to the frame, the whole mechanism is 
experiencing a downward motion. Hence the pile, attached beneath the carriage, is 
forced into the soil. 
- 5th sketch: final configuration after one complete cycle of the piston. 
One cycle of the hydraulic piston performs an axial loading test on the pile. The 
penetration of the pile for a cycle is controlled by regulating the stroke of the piston. Apart 
from bearing capacity testing it can be noted that by repeating these sequences the pile 
can be statically pushed into the soil by steps, each step corresponding to a cycle. 
The pressurized hydraulic fluid coming from a hydraulic pump is delivered to the two 
chambers of the piston through a valve and a rotating union. The Haskell Engineering and 
Supply Co. Model DEN .PR51 pump, located next to the centrifuge enclosure, is driven 
by a 10 HP motor and has a line capacity of 3000 psi at a maximum rate of 5 gallons per 
minute. The pressure and return lines of the pump are connected to a valve located in the 
control room. From the valve two other lines go to the rotating union ( Deublin 1895-100) 
mounted on top of the centrifuge enclosure at the center axis. This rotating union offers 
two hydraulic sliprings: one is connected to the top chamber of the piston, the other to the 
bottom chamber, see Figure 2.14. The valve has three positions: 
1. at rest the hydraulic fluid goes from the pump through the valve back to the pump 
2. the fluid goes from the pump to line 1 of the valve in turn connected to the top chamber 
of the piston through the rotating union, and the bottom chamber, linked to line 2 of 
the valve, is connected to the return line of the pump so that the fluid can circulate. 
In this position we can perform a loading test on the pile. 
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3. the fluid goes from the pump to line 2 of the valve and therefore to the bottom chamber 
of the piston. The top chamber, linked to line 1 of the valve, is in turn connected to 
the return line of the pump. In this position the pile driving frame is pulled back up 
to prepare for an axial loading test. 
2.2 CENTRIFUGE INSTRUMENTATION 
As mentioned before, the experiments were conducted to investigate several aspects 
of pile driving: 
a. the evaluation of the stress field around the pile during driving, 
b. the analysis of the dynamic response of the pile and the soil to the hammer impact 
throughout the driving; 
c. the ultimate capacity of the pile subsequent to driving. 
A wide range of instruments is used to monitor the different parameters of interest 
during an experiment. A displacement transducer, whkh follows the pile top, allows us 
to know the position of the pile during driving. The stress field in the soil is captured by 
pressure transducers located at various positions in the soil. As we have seen in chapter 
1, current analyses of pile driving are based on the one-dimensional wave equation whose 
solution, in the elastic domain, for a semi-infinite pile subjected to an impact at one end, 
tells us that the strain and the particle velocity a.t the impact end are proportional. Thus, 
in order to monitor the response of the pile to the hammer impact during driving, both the 
acceleration, to obtain the velocity, and the stress wave in the pile are measured. For this 
we use piles instrumented with shock accelerometers and strain gauges. For the dynamic 
response of the soil following the hammer impact on the pile, we capture the transient 
pressure waves in the soil using pressure cells and bender elements. The pile penetration 
and pile capacity after driving are measured using a displacement transducer attached to 
the pile driving mechanism frame, and a load cell situated at the top of the pile. 
2.2.1 Accelerometers 
For our model pile, miniature accelerometers with very high acceleration range 
and frequency response are needed to obtain the acceleration in the pile due to the hammer 
impact. During driving, acceleration in a prototype pile can reach 5009, where g is the 
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Earth's gravitational acceleration. For a model with a scaling ratio of 100, the maximum 
acceleration would then be 50,000g, (see Appendix A for scaling relations in the centrifuge). 
The accelerometer has to be attached to the pile and therefore must be of light weight and 
very small dimension. Miniature piezoelectric shock accelerometers (Endevco 2255A- 005), 
with built-in microelectronic converter modules, were used. This model utilizes a shear 
design where a hollow cylinder of ceramic material is bonded to a center post. A concentric 
hollow cylindrical mass is then bonded to the crystal. When the unit is subjected to an 
acceleration along the axis of the post, the entire cylinder of crystal is subject to a shear 
stress. The polycrystalline ceramic is made to exhibit piezoelectricity by a process of arti-
ficial polarization. Thus the transducer element produces an electrical output proportional 
to the acceleration applied to the mass. These piezoelectric accelerometers have an accel-
eration range of 100,000g, a nominal sensitivity of .05 m V / g, a frequency response of 50 
KHz and a resonant frequency of 270 KHz. They are .305 inches (7.75 mm) high, with a 
mounting head of .312 inches (7.92 mm) Hex, and weigh 1.6 grams. One accelerometer is 
fixed inside the top of the pile in the pile cap, the other is fixed in the bottom of the pile 
in a plug, see Figure 2.15. 
For measurements of acceleration m the soil around the pile generated by the dy-
namic effect of the hammer impact on the pile, we use Entran Devices Model EGA(X) 
-125(F)-500(D) miniature accelerometers. The accelerometers are a single degree of free-
dom oscillating systems using a viscous fluid medium for damping. They employ a fully 
active Wheatstone bridge, (Appendix B configuration 5), consisting of semiconductor strain 
gages. The strain gages are bonded to a simple cantilever beam that is end-loaded with a 
mass. The effect of acceleration on the mass generates a force at the end of the cantilever, 
which in turn creates a bending moment on the beam. The strains resulting from the 
loading of the beam will cause a bridge unbalance. With an applied voltage, this unbalance 
produces a millivolt deviation at the bridge output, which is proportional to the accelera-
tion. The accelerometer has a range of 500g, a nominal sensitivity of .50 m V /g, a useful 
frequency range of lKHz, a resonant frequency of 3KHz, and has 0.7 of critical damping. 
The unit is .27 inches (6.86 mm) long and a .140 x .140 inches (3.56 x 3.56 mm) section 
can be mounted on a flange .04 inches {1 mm) thick, and weighs .50 grams. 
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2.2.2 Bender elements 
We used Piezo Electric Products R205-S series connected bender elements, 
made with G-1195 piezoceramic material. The element consists of two thin piezoceramic 
plates that are rigidly bonded together with conducting surfaces between them and on 
the outside in a sandwich-type arrangement. The polarization of the ceramic material is 
oriented in opposite directions for each plate, and the electrical leads are attached to each 
of the outer electrode surfaces. When the element is forced to bend, one layer goes into 
compression and the other into tension, which results in an electrical signal. 
2.2.3 Displacement transducers 
We want to know, at all times throughout driving, the position of the pile in 
the soil. For this we use the output of a rotary potentiometer, 10 Kn - 10 turns, which 
is fixed to the upper lucite plate of the driving mechanism frame and connected to the 
carriage by a string and pulley system, see Figure 2.8. Before the test the pile, held by 
the aluminum foil, is at a known position. During driving the frame is fixed relative to the 
container, and only the carriage following the top of the pile moves. The position of the 
pile tip in the soil will, from now on, be referred to as the depth of the pile . 
The penetration of the pile during an axial loading is caused by the downward trans-
lation of the pile-driving mechanism frame induced by the motion of the hydraulic piston. 
It is calculated using the output of a linear potentiometer, 15 Kn - 3 in travelling length, 
connected between the mechanism frame and the top of the container, see Figure 2.16. 
2.2.4 Load cell 
During an axial loading test the load is applied to the top of the pile through 
the carriage's beam. The ratchets preventing upward motion of the carriage create a simple 
support condition at each end of the beam, and the load, reaction at the pile head, is applied 
at the center. The beam deforms in bending. It is instrumented with strain gages to form 
a fully active Wheatstone bridge, (Appendix B configuration 5). This constitutes a load 
cell, linear to at least 1000 lbs, that allows measurement of the pile load. The gages used 
are: CEA-03-062UW-350 from Micro-Measurements. 
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2.2.5 Pressure transducers 
For the determination of total normal stresses in the soil, miniature pressure 
cells were used. Many investigations concerning pressure cells for soil have been conducted, 
(see section 5.1 ), and the results tell us that, for best measurement, the cells should be 
flat with wires to the side. Also the size of the cell-sensitive area must be such that the 
number of grains in contact with it is large enough so that the multiple point force loading 
can be considered a uniform loading. In the case of a circular sensitive area this condition 
is fulfilled when the ratio of the diaphragm diameter to the grain size is greater than 20. 
We have several different diaphragm-type pressure cells. For all of them, the cell sensitive 
area consists of a thin circular diaphragm a few thousands of an inch thick and 0.11 to 
.2 inches (2.7 to 4 mm) diameter, instrumented with strain gages in a Wheatstone bridge 
configuration, and supported on its circumference by a circular ring. A pressure applied on 
the cell corresponds to a uniform loading of the diaphragm, which provokes its deformation 
in bending, and the resulting strains create a bridge unbalance proportional to the pressure 
acting on the diaphragm. 
Our five types of soil pressure cells are described as follows: 
# 1: EPF-200-50 (now called EPL-200-50). It is a flatline pressure transducer from 
Entran Devices, which consists of a fully active semi-conductor gage bridge, (see Appendix 
B configuration 4). It has a 50 psi range with a nominal sensitivity of 2.5 mV /psi for a 6 
VDC input voltage, a resonant frequency of 50 KHz, and a 0 to 10 KHz useful frequency 
range. It is a light weight and small size transducer: .400 inches (10.2 mm) long, .200 in 
(5.08 mm) wide and .040 inches (1.02 mm) thick. 
# 2: PM-156-500. A Precision Measurement pressure transducer with one active foil 
gage, (see Appendix B configuration 1 ). It has a 500 psi pressure range, and a nominal 
sensitivity of 1.5µV /V /psi. The sensing face is a .140 inches (3.5 mm) diameter diaphragm, 
and the unit is .312 inches (9.5 mm) long, .156 inches (3.96 mm) wide and .062inches (1.55 
mm) thick. It is furnished with teflon coated three conductor wire and can be immersed 
inches liquids. 
# 3: PM-1058-500. A miniature stainless steel cell from Precision Measurement. It 
has a one active foil gage arm bridge with a range of 500 psi. The nominal sensitivity is 
l.5µV /V /psi. It is our smallest cell: .105 inches (2.6 mm) in diameter and a thickness of 
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.013 inches (.33 mm). A spherical shell acts as support for the diaphragm and as casing 
for the transducer. 
# 4: PM-1055-500-1/2 bridge. It is a prototype transducer built by Precision Mea-
surement for us, following the design of the 105S model, but with a thicker diaphragm and 2 
semi-conductor gages to increase the output sensitivity of the cell. The nominal sensitivity 
is .107 m V /V /psi. 
# 5: ED-EPF-200-500. A flatline pressure transducer from Entran Devices similar 
to # 1, but with a 500 psi range, a resonant frequency of 120 KHz and a 0 to 24 KHz 
useful frequency range. The unit is the same size as # 1, but differs in the thickness of the 
diaphragm, so that it is stiffer than # 1. The nominal sensitivity is .25 m V /psi for a 10 
VDC input voltage. 
# 1, 2 and 3 cells were used in the first series of experiments (SA), and cell types # 4 
and 5 in the second series (SB). 
2.2.6 Strain-gaged piles 
For the measurement of the stress wave propagating in the pile following the 
hammer impact we use strain gages bonded to the pile wall. In the first series of experiments 
(SA), the model piles are made out of stainless steel tube 9 in. long, 3/8 in. diameter and 
a wall thickness of 6/1000 in. One of the pile tubes is instrumented with five strain gages 
along its length for the evaluation of the axial load along the pile, see Figure 2.15. Each 
gage constitutes an active arm of a Wheatstone bridge, (see Appendix B configuration 1). 
In the second series (SB), the model pile is now 10 in. long, to allow full length driving of 
the totally instrumented piles, 3/8 in. diameter and 10/1000 in. wall thickness, the latter 
because the 6/1000 in. thick tubes were no longer available. Some piles have two pairs of 
gages near the top and the bottom of the tube respectively. One pile has five pairs of gages 
installed on the inside of the tu be, and the top pair on the outer side. The two gages of 
a pair are diametrically placed on the side of the tube, and occupy two opposite arms of 
a Wheatstone bridge to eliminate bending, (see Appendix B configuration 3). The gages 
used are: CEA-09-062UW-350 from Micro-Measurements. 
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2.3 DATA ACQUISITION SYSTEM 
2.3.1 What is needed 
As can be seen in the previous section we are using a wide range of instru-
ments. The signals that we obtain have different characteristics and will require different 
treatments. We can classify the signals in two categories for requirement of speed of data 
acquisition. On the one hand we have the "static" signals; in this category we group 
together the output of: 
- displacement transducers for the position of the pile during driving or the penetration 
of the pile during an axial loading, 
- the load cell during an axial static loading of the pile, 
- pressure transducers for the evaluation of the changes in the stress field in the soil 
during driving. In this case only one point per transducer is taken at the end of each 
blow. 
In this group, the signals we are looking at contain low frequencies, so we use a general 
purpose analog-to-digital converter, the treatment procedure will allow up to a few tens of 
KHz range. 
On the other hand we have the dynamic signals, generated by the impact of the hammer 
on the pile. This category consists of the output of: 
- the shock accelerometers that measure the acceleration in the pile, 
- the strain gage bridges of the instrumented pile that pick up the stress wave propa-
gating in the pile, 
- the pressure cells and bender elements that capture the transient pressure waves in 
the soil, 
- the accelerometers in the soil around the pile. 
We want to analyze the stress waves, generated by the hammer impact, travelling up 
and down the pile and in the soil around the pile. For the model pile, the travel time to the 
tip and back to the top is about 100 µs, and the time for a P-wave to propagate radially 
from under the pile tip to the container vertical boundary and back is of the order of 200 µs 
in the first bucket (SA) and 400 µsin the larger one (SB). For the pile response monitoring, 
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we are dealing with data acquisition rate in the hundreds of KHz range, in order to be able 
to capture the stress wave. Hence, a very high speed data acquisition system is required to 
capture the dynamic transient signals. 
Because of the location of the centrifuge, connection to a main-frame computer for high 
speed data acquisition presented some difficulties. The data would need to travel through 
very long cables, and this would create problems for the reliability of data acquisition 
when we deal with sampling frequencies up to 1 MHz. Our solution was then to use 
data acquisition systems controlled by personal computers. We had two types of recording 
systems. The first one consisted of a 16 channel general purpose digital acquisition system 
connected to a Zenith Z120 personal computer with 768 Kbytes memory, and was used for 
the static signals. The second one, used for the dynamic signals, consisted in the first series 
of experiments (SA) of a signal memory recorder SMR2 connected to the Z120, and for the 
second series of experiments (SB), of a high speed data acquisition card that plugs into an 
IBM PC XT compatible computer. 
2.3.2 General purpose digital acquisition systems 
We used different general purpose 16 channel analog-to-digital converters linked 
to the Zl20 through an interface card, (see Appendix C.1). The circuit diagram of one 
converter can be seen in Appendix C.2. Because the data acquisition was always done at a 
frequency less than 10 KHz the data was directly stored onto the computer memory RAMs, 
and then, at the end of an experiment, transferred to diskettes. 
2.3.3 High speed digital acquisition systems 
The Signal Memory Recorder, SMR2, from Soltec, is a 12 bit resolution analog-
to-digital converter capable of acquiring data at the rate of 500,000 samples per second, or 
2 µs between samples. We had one module of 4 channels, each with 128 Kbytes of memory, 
or 64Kof16 bit words, which could be recorded simultaneously at 1/2 MHz. The memory 
for each channel could be partitioned in blocks that could be filled sequentially. This feature 
was used to record 64 blocks of lK points, each block corresponding to an impact on the 
pile. Internal and external triggers are available and it is possible to save pre-trigger events. 
The RC Electronic high speed data acquisition card uses a 12 bit resolution analog to 
digital converter with 16 channels multiplexed and a maximum sampling rate of 1 million 
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points per second, or a sampling frequency of 1 MHz. Because of the multiplexing, if data is 
acquired on 4 channels, the maximum sampling frequency is 250 KHz (1 MHz/4), and there 
is always a lµs delay between channels. The RCE has a 64 Kbyte memory buffer. With 
the card is provided software that allows, for data acquisition, the setting of the number of 
channels to be saved, the sampling rate, the size of the record (up to 64 Kbyte ), the trigger 
mode, and the pre-trigger option. After each record, the data is transferred from the card 
memory buffer in files onto the hard disk of the computer. 
2.4 SIGNAL CONDITIONING 
In our setup, we have at one end the transducers in the centrifuge, and at the other 
end the data acquisition systems located in the control room, adjacent to the centrifuge 
room. The analog signals of the different instruments will then be conditioned according 
to the signal, transducer, acquisition system and environment characteristics, so that the 
final digital signal represents as best as possible the original signal. The location of the 
centrifuge on the roof of Thomas Laboratory at CIT in close proximity to air conditioning 
units and elevator drive motors makes for a very noisy electrical environment. Also the 
analog signals have to run through the sliprings and long cables. The conditioning of the 
signals may be done in several steps. If the signal at the output of the transducer is not 
big enough (in the Volt range), it is amplified directly on the centrifuge arm before transfer 
through the sliprings to the data acquisition systems. Certain transducers, especially pres-
sure transducers, require large amplification. This is obtained in a two-stage amplification. 
The first stage is done in the centrifuge before the sliprings and the second stage in the 
control room in front of the data acquisition system. 
2.4.1 Amplification and offset adjustment 
A 16-channel amplifier, built for the centrifuge, is used for the static signals or 
for the pressure transducers, see Figure 2.18. It uses Burr Brown 2962 instrument amplifiers 
with a frequency response of 100 KHz at a gain of 1. Refer to Appendix C.3 for the circuit 
diagram. A set of switchable resistors allows for the selection of the gain between a value of 
5 and 1000. Increase of the gain acts as a filter: the frequency cutoff (-3db response) drops 
from 25 KHz at a gain of 5, to 1.5 KHz at a gain of 100, and to 3 KHZ at a gain of 1000. 
Built-in with the amplifier is a digital offset adjustment to utilize, in the best way possible, 
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the data acquisition system range. As the offset comes after amplification we have to make 
sure that the amplified signal will not saturate the amplifier (± 15 V. ). 
Some of the transducer' signals, such as the strain gage bridge output of the instru-
mented piles, are high frequency signals, and also need a high gain. A special amplifier, 
see Figure 2.18, that can be mounted on the centrifuge arm, and offers a high frequency 
response, was built using AD254 Analog Devices precision instrument amplifiers with a 
frequency response of 1 MHz at a gain of 1, 400 KHz at a gain of 10, 150 KHz at a gain 
of 100, and 25 KHz at a gain of 1000. The instrument amplifier is in a series with an 
operational amplifier LF 356 that offers a frequency response in the MHz range. The gain 
on the op-amp and on the inst-amp is set to 10 to provide the highest frequency response 
for a gain of 100. 
For the second stage amplification in the control room, we use the 16-channel signal 
conditioner that gives a choice of 1, 10, and 100 for the amplification gain, through a 
PGA102 precision instrument amplifier. Appendix C.4 shows the complete circuit diagram 
of the signal conditioner designed and built by John Lee. It offers the options of AC or DC 
coupling, offset input, amplification and filtering of the signal. 
2.4.2 Filtering 
To reduce the noise in the signal before acquisition, and especially to eliminate 
very high frequency noise, we can use filters in the last stage of conditioning. The 16-channel 
signal conditioner offers selectable Bessel low-pass filters. The filters are 4 pole Bessel filters, 
with each operational amplifier stage contributing 2 poles. A set of six resistors chosen with 
a computer program can be placed in the circuitry to provide the desired cutoff frequency 
profile. To change the filter cutoff frequency another set of resistors can be placed in the 
circuitry. A typical frequency response of the Bessel filters shows for a cutoff frequency of 
1 KHz an amplitude ratio of the output signal to the input signal of .7, corresponding to 
-3db. 
2.5 RPM COUNTER 
The evaluation of the g-level during a.n experiment is obtained from the count of the 
number of rotations of the centrifuge arm per minute. For this a magnetic transducer, 
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placed at the base of the centrifuge, records the passage of the teeth on a 600-tooth gear 
wheel (Figure 2.1) located on the main drive shaft. Each revolution of the centrifuge 
produces 600 sinusoid cycles as output of the magnetic pickup. This signal is read by 
an electronic counter and converted to RPMs accurate to 0.1 RPM. The RPM value is 
presented on a LED display. The signal is also fed to a RPM detector front end that 
converts a variable amplitude sinusoidal input to a constant 5V pulse waveform of the 
same frequency, see Appendix C.5. This generated TTL signal is in turn the input to 
the digital counter circuitry located on the 8100 plug-in-board of the Z120 computer, see 
Appendix C.6. As the tooth gear wheel produces 600 pulses per revolution, 1 pulse is 
expected in a 100 ms period for each RPM. Through the use of oscillators and counters 
the number of pulses occurring in 100 ms is counted, this number corresponds to the RPM 
value. At the end of each 100 ms period the RPM value is latched and the counters reset. 
The RPM is effectively updated 10 times a second and can be read directly by the computer 
using a simple BASIC INP statement with the appropriate address. 
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Figure 2.2 Chevron pile bucket mounted on the centrifuge arm 
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Figure 2.4 The centrifuge platform for the large pile container 
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Figure 2.8 The pile driving mechanism 
Model driver 
Carriage 
Carriage guide 
Teflon sleeve 
Pile cap 
~ dhl ~ ~ ~" - ~ 
r (I) (2) (3) 
Figure 2.9 Driving cycle 
c,., 
..... 
Figure 2.10 Buckled piles 
Figure 2.12 Pile driving mechanism 
a = extension leg 
b = spring loaded ball bearing 
c = reinforced flexible tubing 
c,., 
t-:1 
I 
Column of 
mechanism's 
frame 
Carriage 
Bottom aluminum 
plate of diriving 
mechanism 
- 33 -
Teflon 
sleeve 
Teflon 
guide 
Aluminum foil 
holder 
Model driver 
Carriage guide 
Pile cap 
Pile 
Aluminum 
foil 
Figure 2.11 Guiding and holding of the pile in the pile driving mechanism 
- 34-
\ \ I:~. 
·:"' .. 
- 35 -
Pressure Return 
Piston 
Hydraulic Pump 
Figure 2 .14 Hydraulic circuit for the static axial loading mechanism 
d 
u c \j~ 
!I 
l' 
:f 
I \ 
\ 
Figure 2.15 Instrumented model pile 
a = strain gage 
b = shock accelerometer 
c = shock accelerometer in pile plug 
d =pile cap 
- 36-
y<I!-~· a 
.-· 
Figure 2.16 Miniature pressure transducers 
a = Precision Measurement 156, type #2 
b = Precision Measurement 105-S, type #3 
c = Precision Measurement 105-S (1/2brige), type#4 
d = Entran Devices EPL-200, type #1 and #5 
Figure 2.17 Top view of pile driving mechanism in soil container 
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Figure 2.18 View of some of the signal conditioning and mechanical 
equipment mounted on the centrifuge arm 
d = solenoid valve for the pile driver air supply 
b = rotating union 
c = 16-channel amplifier 
d = 8-channel high speed amplifier 
Figure 2.19 Data acquisition 
a = Zenith 120 Personal Computer 
b = Signal Conditioner and data acquisition system 
c = Zenith-148 Personal Computer with RC Electronic high 
speed data acquisition card 
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Chapter 3 
TEST PROCEDURE 
3.1 EXPERIMENTAL SETUP 
The experimental platform at the end of the centrifuge arm rotates into position 
during the wind up of the centrifuge to the test acceleration. This allows preparation of 
the soil model at 1 g in the soil container directly in place on the centrifuge arm. 
Part of the electronic support for the different transducers is placed directly on the 
centrifuge arm. This consists of the power supplies, and everything that corresponds to 
first stage signal conditioning as mentioned in section 2.4. Also the solenoid valves, the air 
reservoir for the pile driver, etc., are located on the arm. Because of the acceleration level 
generated in the centrifuge, all the equipment and instrumentation must be fixed tightly to 
the centrifuge arm, and placed as close as possible to the center axis where the acceleration 
level is the lowest, see Figure 2.18. 
3.1.1 Description of soil 
The soil was a Nevada 120 silica sand, referred to as Nevada fine sand. This 
sand is uniform and fine-grained (tnean grain size is 0.1 mm); a grain size distribution is 
shown in Figure 3.1. The sand density ranges from 88 pcf, in its loosest condition, to 
108 pcf, in its densest state. The minimum and maximum void ratios are 0.53 and 0.82 
respectively. In all the tests the soil was dry and prepared in a medium state with a density 
of about 99 pcf, equivalent to a relative density of 57.5% and a void ratio of 0.65. The 
friction angle for the medium density sand is about 35°. Laboratory experiments such as 
resonant column tests and ultrasonic pulse tests were conducted on the Nevada fine sand 
by Hushmand [73] to determine the dynamic properties of the soil. A Poisson's ratio of 
0.3 was measured, and the shear modulus of the soil increased with the 0.47 power of the 
confining pressure, which is in close agreement with the average value of 0.50 derived for 
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other dry sands. For the sand at a void ratio of 0. 7, the shear modulus G varied from about 
4.6 x 103 psi at a confining pressure of 2 psi, to 21.1 x 103 psi at 50 psi. 
3.1.2 Preparation of soil model 
The sand was dried overnight m the oven in the laboratory at about 100° 
C. Some soil samples were taken before placing the soil in the container, and after the 
experiment was completed, to check the water content. For the soil sample a uniform 
density distribution was desired. The sand raining techniques as discussed by Bieganousky 
and Marcuson [14] were not adequate for our soil. Our sand is a uniform fine sand with 
typical particle size is 0.1 mm., as shown by the sieve analysis in section 3.2.1. Some raining 
experiments done in the laboratory with a single hose showed that, by increasing the height 
of drop from 1 inch to 2 feet, the density of the soil would only increase from 88 to 91 lb/ f t3 • 
Therefore in order to cover a wider range of densities the soil had to be first rained and 
then compacted in the container by layers. For the experiments the soil was placed in the 
container in layers of constant thickness (1 or 2 inches). Compaction was performed by 
giving a determined number of blows on a circular plastic plate placed over the soil and 
fitting just inside the container, to obtain level layers. For the determination of the stress 
field or the accelerations in the soil around the pile during driving, we used transducers 
placed in different locations in the soil. For each transducer in the soil, there are three 
parameters to define its position: depth, radial distance from the pile, and orientation. We 
chose in the model increments of 1 inch for the different depths, radial distances of 0.5, 1.0, 
1.5, 3.0, 4.5 inches, and two different orientations: one for radial and one for vertical stress. 
At a desired depth, with the soil level, the pressure cells were placed using a cardboard cross 
with indentations to give the different positions. Special care was given to the positioning 
of the wires to limit their interference. For example, for a pressure transducer placed to 
read radial stress around the pile, the wires first describe an arc of radius equal to the 
radial distance of the cell, then cross the soil container to reach the wall where they are 
attached with electrical tape. When all the transducers for a given depth are in place the 
sand is rained and then compacted for the subsequent layers, until the next transducer level 
is reached. The soil density is then calculated according to the weight of soil put into the 
container and the volume attained. 
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3.1.3 Equipment and instrument setup 
When both the soil and all the instrumentation are in place, the pile and the 
driving and axial loading mechanisms have to be set up. 
A rotating union placed at the very base of the centrifuge axis brings two air tubing 
lines inside the centrifuge. One of them is connected to a small air reservoir installed in 
the arm next to the solenoid valves. The air runs from the air source of the building or 
a compressed air bottle to the reservoir through the rotating union. The reservoir feeds 
the two solenoid valves. Each valve is connected to one of the chambers of the model pile 
driver through heavy wall flexible hoses. Because of the downward motion of the driver 
the last part of the tubing must be flexible enough to bend inside the container and the 
driving mechanism without provoking resistance to driving. At the same time the tubing 
must maintain a certain rigidity to limit the interaction with the air fl.ow. To achieve 
this we used flexible PVC tubing with an outside spring reinforcement as seen in Figure 
2.12. The solenoid valves that control the fl.ow of air in and out of each chamber of the 
model driver are operated by the computer in the control room, which sends signals to two 
electronic relays that in turn switch on and off two solid-state relays placed next to the 
valves that activate them. The air-fl.ow through the driver and therefore the rate of driving 
is then software-controlled throughout an experiment. The air pressure in the line is set 
by a pressure regulator. The functioning of the model driver is checked at 1 g before each 
test. 
The pile with all its instrumentation is then set in place in the pile driving mechanism. 
The carriage is at its highest position, the top guide is moved into position, and the bottom 
guide and the pile holding mechanism are then installed. The driving mechanism, with the 
pile in place, is now introduced in the upper part of the container and attached to the 
horizontal rods by the columns of the frame. The linear potentiometer that measures the 
pile driving mechanism's frame position relative to the bucket is connected. The different 
signal conditioning electronic packages (strain gage completion bridges, temperature com-
pensation modules,etc.) are clamped to the bucket top fl.ang~. The horizontal rods of the 
pile driving mechanism are attached to the hydraulic piston of the axial loading mechanism 
and the link between air hoses and tubing is secured. All of the equipment is then in place 
for the experiment. 
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We now take care of the connections to the different centrifuge signal conditioning 
devices. Figure 3.2 gives an overall view of the signal processing arrangement. Here we 
deal with all that is required to bring the output of each transducer to a slipring. First, 
we make sure that each instrument gets its required input voltage. The different power 
supplies are attached inside the centrifuge arm. We chose to have 110 VAC run through 
2 or 4 sliprings from the main pow~r supply to the inside of the centrifuge, and make the 
transformation to the different voltage requirements there: 3, 5, 10, ±15, 28 VDC; 24 VAC, 
etc.; this permits the use of sliprings for signal output and controls. For the transducers 
placed in the soil, the very thin teflon coated wires of the cells run all the way to the top 
of the container to an aluminum angle where the connections to the completion bridge or 
temperature compensation module are made. From there larger wires run to the power 
supplies for input and amplifiers for output. This is also true for the instrumented pile 
whose strain gage completion bridge box is fixed on the container top flange. We do this in 
order to have the shortest length of wires for the bridges, as we look for bridge unbalances 
caused by very small changes of resistance of the strain gages. After the completion of 
the bridge the wires' impedance is not critical any more. The output of the transducers is 
connected to the amplifiers and signal conditioners for first stage signal processing; these 
are fixed on top of the arm. After conditioning, the output is connected to the sliprings for 
transfer to the control room and data acquisition systems. Some transducers do not require 
first stage conditioning, and their output is then directly plugged into banana sockets, which 
are connected to sliprings. 
To avoid a "ground loop," which generates 60 Hz noise, all the instruments are con-
nected to the same ground. The reference ground is the centrifuge structure. 
All the wires running between the different instruments are firmly attached to the arm 
of the centrifuge with hose clamps and tape. The slack and attachment of all the wires is 
checked. 
3.1.4 Signal processing implementation 
The output of each transducer is treated according to the requirements of the 
experiment. The overall view of the signal processing arrangement is sketched in Figure 
3.2. The first stage offsets and amplifications are set, taking into account the expected 
output during the experiment, the characteristics of the instrumentation, and making sure 
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that the signals are as strong as possible before getting through the sliprings, for we know 
that more noise will be introduced at that stage. In the second stage, where the signal may 
be offset and amplified again, and also filtered before getting to the acquisition systems, 
we aim at using the data acquisition range as fully as possible. 
The potentiometers have a large input voltage, so that their output is up to several 
volts. Their signals are then fed directly through the sliprings to the second stage signal 
conditioner for filtering of high frequency noise before acquisition. The beam load cell 
output is amplified and offset in the centrifuge, and only filtered in the second stage. The 
shock accelerometer signals have a special conditioning. The piezoelectric transducer is 
effectively a capacitor that produces a charge across its plates, proportional to the force 
applied to the crystal. Our transducers have their own integrated electronics that provide 
a voltage output, which is then sent directly to the acquisition system. For the bender 
elements we use the high speed amplifier of the centrifuge at a gain of 10, with a shunt 
resistor of 2KO. There is, of course, a choice of the combination of gain factor and resistor 
value. The voltage signal obtained at the output of the amplifier is not further treated. 
The soil accelerometers and pile strain gage bridge ouputs are amplified in the centrifuge 
through the high speed amplifier, and have no other conditioning before acquisition. The 
pressure transducer signals are first amplified and offset in the centrifuge, and then amplified 
again and filtered in the signal conditioner before being fed to the acquisition systems. Two 
stages are used to get the best output, taking into consideration the level of the gain, the 
problems of offset, and frequency response. The RPM signal is fed directly to the computer 
at a different address from the one of the acquisition system. 
3.1.5 Progress of an experhnent 
The preparation, setup, and development of an experiment requires a large 
number of steps. A check list that covers geotechnical, mechanical, electronic and computer 
checks has to be followed. We will mention here some of the important points that need to 
be checked before starting an experiment: 
* the preparation of the soil sample and all the different instruments 
* the balance of the centrifuge arm 
* the functioning of the model driver and of the axial loading mechanism 
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* the connections and attachment of every part inside the centrifuge enclosure, to make 
sure that nothing will get loose during flight 
* the signal conditioning: input voltages, output-settings, offsets, gains, filters, nmse 
level, ground-loop, cabling continuity and coherence 
* the control of the relays for the model driver, and of the different steps of the experi-
ment 
* the data acquisition: the software is run and the files are checked. For each new test 
we have a new setup of transducers and data acquisition files are prepared accordingly. 
The experiment then proceeds in several stages: 
1. the winding up of the centrifuge to the test acceleration level. At different RPM levels 
data is taken. We record the RPM as a reference for the calculation of the acceleration; 
the output of the soil transducers to follow their behavior and check calibration values; 
the potentiometer output from which the position of the pile tip is calculated, (we want 
to make sure that the pile is held in place before starting driving); for an instrumented 
pile, the output of strain gage bridges to check calibration, and for the experimental 
platform we monitor the level of stresses with the output of the strain gage bridges. 
2. the driving phase: the centrifuge is at the test acceleration. The air source is open, 
and air pressure regulated; data acquisition is checked for the different systems. The 
pile driving proceeds: the Z120 computer sends the signals to the relays to control the 
model driver, and, after each blow, acquires data from the potentiometers, the load 
cell, and the pressure transducers, and gives the signal for the trigger of the high speed 
acquisition system. We record dynamic data only every nth blow, where n is chosen 
at the beginning of the experiment. High speed data acquisition then automatically 
triggers on the signal from one of the transducers (pile top accelerometer in general), 
and the data are saved on file in the hard disk after each trigger. The dynamic signals 
can be seen on the computer screen. The pile tip depth is displayed on the Z120 
screen at each blow, as well as the current output of the transducers. This allows us 
to monitor the test and possibly make decisions to change the setup or stop the test. 
3. the axial loading test. We know that the pile has reached the depth of interest, so 
the model driver is stopped, the hydraulic pump started, and the hydraulic piston 
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connected to the pile driving mechanism is activated to perform a loading test. Data 
from the potentiometer, the load cell, and the pressure transducers is saved on file. 
4. the axial loading test can be repeated as many times as desired. After the last loading, 
pile driving can be resumed. The cycle driving plus axial loading can be repeated as 
needed. 
5. winding down of the centrifuge. Driving and axial loading are over, so we now bring 
down the centrifuge to a stop. In the same way as for winding up, the different 
transducer output are recorded. 
3.2 CALIBRATION OF TRANSDUCERS 
Calibration tests are performed on all the instruments. Tests are sometimes done first 
in the laboratory because these are, in practice, easier to perform, and allow us to cover 
the calibration ranges of interest for the different transducers. But a calibration test is also 
run in the centrifuge in order to use the equipment in its test configuration and to use the 
entire experimental signal processing setup so that the specific experimental calibration 
values can be determined. 
3.2.1 Accelerollleters 
The calibration of the shock accelerometers requires special laboratory equip-
ment that is not available to us. Thus we rely on the manufacturer's calibration provided 
with the instrument. 
The soil accelerometers are calibrated in the centrifuge. They are placed on the plat-
form of the container's mounting frame, so that we know their exact distance from the 
center axis of the centrifuge. By winding up and down the centrifuge they will undergo 
different g levels. By recording their output as a function of the RPM, we easily obtain a 
calibration curve. We find a very good match between our calibration and the manufac-
turer's one. 
3.2.2 Bender elements 
The transducers are built in our laboratory out of a piece of piezoceramic 
material. We do not have adequate equipment to perform a quantitative calibration to 
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relate their output to a stress level. However, for example, we can rely on the time domain 
response of the transducers and obtain information on the velocities of waves in the soil. 
Some soil column experiments, using bender elements along with pressure transducers, have 
been performed in the laboratory, see section 3.2.5. 
3.2.3 Displacement transducers 
Our transducers use potentiometers, which are calibrated using a special struc-
ture with a fixed frame and a moving part whose motion is controlled by a micrometer. 
Then the calibrations are checked in the centrifuge with the instruments in their final po-
sition, with all the signal conditioning used during a test. The output are measured for 
given displacements covering the full range of the experimental setup. 
3.2.4 Load cell 
We calibrate the carriage load cell in an arrangement where the load is applied 
to the cell the same way as during an axial loading experiment following driving in the 
centrifuge. 
In the laboratory, the carriage is in place in the pile driving frame, the whole frame is 
upside down, and the motion of the carriage is restrained by the ratchets. First we apply 
dead weights by increments and record the output signal, conditioned the same way as 
in the centrifuge. This method allows a calibration up to 100 lbs. Then, to increase the 
calibration range, we connect the mechanism to a compression cell, and apply a load up to 
600 lbs. 
In the centrifuge we have the pile driving frame in place in the container and the 
carriage inserted upside down so that it rests on the ratchets on the bottom aluminum 
plate of the frame. The centrifuge is spun up and down, which provides different g levels. 
Some dead weights are placed on the carriage where the pile exerts the force, and therefore 
a calibration check is obtained. 
3.2.5 Pressure transducers 
Each pressure transducer comes with a calibration performed by the manu-
facturer under hydrostatic pressure conditions. We know that under this condition these 
diaphragm-type cells will behave linearly. This is not true anymore when the cell is inserted 
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into a granulated material. The presence of such a device in the material alters the stress 
state that would otherwise exist. Measurement of a stress field in a soil medium requires 
an understanding of the interaction between the pressure gage and the surrounding media. 
Many factors affect the response of the embedded cell: the more important ones for our 
application are: the shape of the transducer (with its aspect ratio, its diaphragm deflection, 
its stress distribution characteristics, and the effects of the electrical connections) and its 
relative stiffness (material stiffness over cell stiffness). With all the problems inherent with 
the soil pressure-cell interaction it is not possible to find the perfect cell in the market, 
especially for centrifuge applications where the requirement on size is very strong. The 
actual construction of a prototype cell is not feasible for it requires very sophisticated fab-
rication methods. Therefore an extensive calibration is performed in the centrifuge with 
the different pressure cells that we use, in order to describe their specific behavior and 
arrive at subsequent stress predictions. 
At first the cells are installed in a horizontal position on the bottom of a container, 
and the effect of gravity is checked by spinning the centrifuge up and down and monitoring 
the cells' output. As given by the manufacturer, the gravity sensitivity of the bare cell 
is negligible. Then a thin wall plastic bag is placed over them and filled with several 
inches of water. The cyclic winding up and down of the centrifuge allows us to check the 
values and linearity of the hydrostatic calibration; we obtained good agreement with the 
manufacturer's values. For the soil calibration, different configurations are tested: the cell 
can be placed on the bottom of the container and covered with soil, the cell can be placed 
in a special metal mount so that its sensitive face is flush with the soil interface, or the cell 
is simply embedded in the soil at different levels. Different soil densities are used. On a 
simple loading-unloading cycle, each cell embedded in soil exhibits an hysteretic behavior; 
it is therefore important to perform various repeated cyclic loadings to characterize this 
behavior. This is easily done in the centrifuge by increasing and decreasing the g-level, 
which in turn varies the stress applied to the cell. A typical cell response to a cyclic loading 
is shown in Figure 3.3. This static cyclic calibration of a soil pressure gage shows that the 
behavior cannot be reduced to a linear assumption, but can be represented by a model as 
described in Chapter 5. 
The pressure cells are also calibrated qualitatively for their dynamic response. For 
this we use a soil column experimental apparatus. A 1 foot long and 1 inch diameter 
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soil column enclosed in a thin rubber membrane tubing is connected at both ends to a 1 
inch diameter steel rod, arranged so that a vacuum can be applied to the soil. The entire 
steel-soil-steel column is suspended horizontally, by means of hangers, to a rigid frame (see 
Figure 3.4). A hard steel ball that rolls down an inclined aluminum tube impacts the free 
end of one of the steel rods connected to the soil column. A bender element is placed at 
the interface soil-rod. After impact of the ball a wave will propagate in the steel rod. If 
the impact is not too long and the rod is long enough, the wave can be approximated as 
plane. On reaching the boundary with the soil the wave will propagate into the soil with 
a new velocity, depending on the characteristics of the soil, and will also reflect back into 
the rod. The wave in the steel rod will bounce back and forth many times and decay 
according to the steel properties. Similarly the wave in the soil will bounce back and forth 
and decay. The transducer placed at the interface between the soil and the rod will be able 
to pick up the waves in the rod and in the soil. The typical output is a superposition of 
2 decaying sine waves, one of higher frequency corresponding to the wave propagation in 
the steel rod, on top of a lower frequency wave that corresponds to the propagation in the 
soil. Figure 3.5.a and b shows the signal from three transducers, the first one (top signal) 
is at the soil-impact bar interface, the second one is embedded in the soil column, 2 inches 
away from the impact rod, and the third one is at the end of the 1 foot long soil column. 
Figure 3.5.b is an enlargement of first portion of Figure 3.5.a. The impact is propagated 
through the steel rod and gets to the soil column when the top signal starts. The wave 
propagating in the soil is picked up by the other transducers, and the wave velocities in the 
soil can then be determined from the output signal of the transducers. The high frequency 
vibrations in the top signal correspond to the wave reflecting back and forth in the steel rod. 
From it the wave velocity in the steel can be calculated. By using several transducers and 
subjecting the soil column to different vacuum levels, the wave propagation speed and the 
Young's and shear modulus of the soil under various confining pressures can be determined. 
Also by shortening the length of the impacted rod we increase the frequency of the wave 
propagating in the rod, and can then test. the frequency response of our transducers. We 
want to understand the response of the transducers to dynamic loading and see if their 
dynamic response can be assumed to be linear or if their behavior and interaction with the 
soil under dynamic loading has to be represented by a model too. This is important for 
us in our application to pile driving for we know that at each blow the soil is subjected to 
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dynamic loading. Therefore, in our estimation of the overall "static" stress field changes 
during driving we have to keep in mind that dynamic loading occurs at each blow. Refer 
to Chapters 5 and 6 for more detailed discussion. 
3.2.6 Strain gaged piles 
A theoretical calibration of the strain gage bridge is easily obtained using the 
output equation of the Wheatstone bridge (see Appendix B). This gives us a good estimate 
of the sensitivity of our strain gage bridge; but we perform experimental calibrations to 
obtain our final values. 
The instrumented pile can be calibrated in tension and in compression in the labora-
tory. To apply load in tension on the pile we use a special setup that utilizes two sets of 
plugs and clamps that fit the pile tightly. The first one, attached at the top of the pile, 
is connected to a plate that will allow us to fix the complete mechanism to a bench. The 
second one, attached at the bottom of the pile, has connected to it a rod with a loading 
platform. Weights are placed on the platform, the pile is then subjected to axial tensile 
force. Calibrating under tension induced by dead weights, we have the advantage of know-
ing exactly what the force applied is, and we avoid pile bending. But, for practical reasons, 
this method limits the range of calibration. To check the calibration value on a larger range 
of force we use a compression cell. This time the pile is submitted to an axial compressive 
force. In order to eliminate bending, the pile is placed in the pile driving mechanism, and 
the use of the guiding mechanism ensures a proper positioning of the pile in the compression 
cell. 
The pile is calibrated in the centrifuge using the pile axial loading mechanism. With 
the pile in place in the mechanism, we replace the aluminum foil of the holding mechanism 
by a plate that prevents any displacement of the pile. A calibration with dead weights 
resting on top of the carriage is then performed using centrifugal force. Otherwise, with 
the centrifuge at rest, calibration can be done with the loading mechanism; this time the 
plate that prevents pile motion is placed on top of the soil. The motion of the frame due 
to the pulling down with the hydraulic piston is transmitted through the carriage to the 
pile. Because of the plate on the soil the pile cannot move down and therefore undergoes 
compression. We rely then on the beam load cell calibration. We may note that, during the 
winding-up stage of an experiment, the pile is held in place, at its base, by the aluminum 
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foil, and is under compression due to the added weights of the carriage and the model 
driver, directly applied at its top. 
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Chapter 4 
SELECTION AND REDUCTION OF DATA 
4.1 SELECTION OF DATA 
Pile driving is a complex process governed by a great number of parameters resulting 
from the soil properties, pile, and pile driving equipment characteristics. Experimental work 
on pile driving, and more specifically model testing performed in a centrifuge, is further 
complicated by the availability and requirements of the instrumentation, and mechanical 
limitations. To alleviate some of these problems, we have chosen and fixed most of the 
parameters throughout the tests that were conducted using the same soil, same pile, and 
same driving equipment. This has enabled us to focus on and study in depth the physical 
phenomena occurring during pile driving. 
Taking into consideration the various constraints in equipment and instrumentation, 
led to the following choices. The experiments were conducted at an average gravitational 
acceleration of 50 gs. The model pile of 10 inches length, 3/8 inch diameter and 0.01 inch 
wall thickness corresponded to a prototype pile of 41.7 feet length, 18.75 inches diameter 
and 0.5 inch wall thickness. This is a full scale pile of comparable dimensions to actual 
prototype piles, with a somewhat large wall thickness (the .006 inch wall thickness tube 
available in the first series of. experiments gave a 0.3 inch prototype wall). The soil used 
was a fine Nevada sand whose average grain size is 0.1 mm. Because of the small grain size, 
the modeling considerations allowed for the use of the same soil in the model experiments 
as in the equivalent full scale prototype. The soil is placed uniformly in a medium density 
and dry condition. It was mentioned in Chapter 1 that one of the difficulties of full scale 
experiments lies in the uncertainty associated with soil characteristics. The uniformity of 
the model soil, and the choice of a dry condition reduces the level of complexity for the 
analysis of the pile-soil system during driving. The study of driving in a saturated soil 
would bring about a lot of pertinent information, but this implies a different system with a 
-55-
more complicated analysis, that goes beyond the scope of the present work, which aims at 
understanding some of the fundamental physical phenomena governing pile-soil interaction 
during driving. 
The selection of data is defined not only by the set of parameters that should be 
measured to give a proper account of the physical phenomena, but also by the availability 
of the instrumentation required. In each of the following paragraphs we have identified for 
each physical parameter, the measures taken or the reasons preventing their attainment. 
4.1.1 Pile dynamics 
In the past decades analysis and experimental techniques for the study of the 
dynamic response of a prototype pile during driving have evolved and become more so-
phisticated. The data available to us at the experimental level consist of measurements 
of strains and accelerations in the pile. Because of the practical difficulties and the high 
costs involved in the instrumentation of a prototype pile, a minimal instrumentation for 
the monitoring and analysis of the dynamic response of a real pile during driving usually 
consists of a strain gage bridge and an accelerometer at the top of the pile. 
In our model experiments, strains and accelerations in the pile are measured, and 
sometimes this is done at different locations along the pile. Despite its small size, it is 
possible to instrument the model pile with pairs of strain gages along its length. The pairs 
of gages allow for the measurement ~f the axial strain (bending cancellation takes place 
in the Wheatstone completion bridge), from which we get the force in the pile at different 
locations. The first and last pairs of gages in our model are at 0.5 inches from the top 
or the tip of the pile. For the acceleration measurements, there are some limitations in 
what can be done at the model scale. Because of the scaling relations characteristic to 
centrifuge testing, we know that the acceleration amplitudes and the frequencies of the 
record will be Ng times larger in the model pile than in the prototype, where Ng is the 
experimental g-level, (see Appendix A). We also know that the acceleration at the top of 
the prototype pile due to the hammer impact reaches a level of several hundreds gs (g being 
the Earth's gravitational acceleration) (Goble et al. [56]); in our model this acceleration 
will then be in the order of several tens of thousands of gs. An available accelerometer 
that is small enough to be fixed to the pile, but yet fulfills these requirements, is the 
Endevco 2255-A-005 piezoelectric accelerometer, with an acceleration range of 100,000 gs. 
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As described in section 2.2.1, this transducer is about 0.3 in. in diameter and 0.3 in. long. 
Because of its size, it is not possible to attach it to the pile next to the strain gages as is 
done for prototype instrumentation. Instead, the transducer is fixed inside the top of the 
pile in the pile cap. The acceleration measured by the transducer is the acceleration of 
the pile transmitted to the pile cap, which is tightly connected to the pile. The measure 
corresponds to the acceleration of the top end section of the pile. Similarly, accelerations 
at the tip section of the pile are measured by a transducer fixed in a plug inside the pile 
bottom. This implies that when measurements of the tip acceleration are made, the pile 
is necessarily a closed-ended pile. Because of the connection of the pile cap and pile plug 
we have a pile with added masses at the top and the tip, which give dynamic response and 
driving characteristics different from those of a simple tubular pile. 
Data from the accelerometers and gages are taken using the high speed acquisition 
system described in Chapter 2, at a minimum acquisition frequency of 250 KHz. The 
top accelerometer located on the pile serves as the trigger for the high speed acquisition 
system. Records of the pile response are saved on disk every tenth blow. Duration of 
data acquisition is in the order of 100 times L/c (where L is the pile length and c the 
wave speed in the pile, and L/c = 50 µsec. in the model). The pile dynamic response to 
the hammer impact will be over within a time in the order of a few times L/c, the data 
acquisition recording time is longer so that the soil dynamic data, which will cover a longer 
time history, can be recorded simultaneously. 
4.1.2 Soil stress field during driving 
To study the soil-pile interaction that occurs during driving and to estimate 
its influence on dynamic and static penetration, the evolution of the stress field around the 
pile is monitored throughout driving. 
A representation of this stress field is obtained by measuring, using pressure transduc-
ers, the total stresses at given points in the soil as a function of the pile depth. The driving 
of a cylindrical pile in a semi-infinite soil mass, or a cylindrical bucket, is an axisymmetri-
cal problem, so that the position of each transducer is defined by its depth and its radial 
distance, that is the distance from the center axis of the pile to the cell. On a horizontal 
plane, the orientation of the cell is such that either radial or vertical stress is measured. 
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In the model scale, increments of 1 inch were chosen for the different depths, which corre-
spond to a non-dimensionalized depth increment, defined as depth over pile radius, of 5.33, 
and radial distances of 0.5, 1.0, 1.5, 3.0, and 4.5 inches that correspond to dimensionless 
distances (radial distance over pile radius) of 2.7, 5.3, 8, 16 and 24 respectively. In the first 
series of experiments (SA) the maximal dimensionless distance was 16, which corresponded 
to the bucket wall boundary. From previous work (e.g., [8], [86]) we expected to find a very 
small excess stress generated at this distance due to driving. This hypothesis turned out 
not to be valid under our experimental configuration for pile driving in medium dense dry 
sand. The results that will be presented hereafter are the ones obtained with the large 
container, whose wall boundary is at a non-dimensional distance of 28. 
The output of the transducers are recorded and stored at the end of each blow. Sim-
ilarly the pile position is recorded at each blow, so that it is then possible to present the 
stress change due to driving as a function of the pile depth. 
Soil pressure cells as described in section 2.2.5 are the only instrumentation currently 
used and available to measure stresses in a soil. The interpretation of the output signal 
of a pressure transducer embedded in soil, and its conversion to soil stresses requires a 
lot of caution. Chapter 5 deals with the understanding of the complex cell behavior due 
to the interaction with the soil, presents a numerical model used to describe the nonlin-
ear cell behavior, and describes the various problems and limitations encountered in the 
interpretation of the transducer output. 
4.1.3 Soil dynamics 
Pile driving is a dynamic process. Different types of stress waves emanating 
from the pile-soil boundary will propagate into the soil. The overall stress field change that 
we measure as mentioned in section 4.1.2, is a result of the dynamic and static loading of 
the soil after each hammer impact on the pile. It is clear from all the existing methods 
of analysis of pile driving that the behavior of the soil during driving is still not well 
understood. The purpose of these model experiments is to look at what happens in the 
soil and how the stress change occurs in the soil surrounding the pile at the dynamic level. 
Therefore, to understand better the dynamic interaction of the pile and the soil under the 
impact of the pile driver, we monitor at the same time the dynamic stresses in the pile and 
the dynamic stresses in the soil around the pile. 
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The pressure transducers have a frequency response high enough to be able to record 
transient loading of the soil, i.e., the waves propagating in the soil. The transducers measure 
the pressure normal to their sensitive area and their cross sensitivity is negligible. Therefore 
the transducer will respond to pressure wave (P) loading, but not to shear wave (S) loading. 
Because of the boundary condition due to the presence of the bucket wall we have reflection 
of the waves inside the container. The dynamic data from the pressure transducers is 
recorded using the high speed acquisition system, and stored on disk. For a blow, the 
record duration is equivalent to 10 times the travel time of a P-wave from the pile to the 
bucket wall, which allows us to see the decay of the dynamic stresses in the soil. The 
pile-soil-container system also has its dynamic vibration modes. Therefore the pile-soil 
dynamic interaction is specific to the experiment conditions and is somewhat different from 
the simpler case of a pile in an infinite medium. However, before the reflected front comes 
back from the wall, the vibration condition of contained and unbounded soil is identical. 
During the time it takes the fastest soil wave to reach the container, the compression wave 
passes in the order of 7 times down and up the pile. 
4.1.4 Pile axial loading 
The purpose of any pile driving monitoring and analysis is to be able to es-
timate, from the experimental data describing the driving conditions, the final bearing 
capacity of the pile in place in the soil. The correlation between the dynamic response of 
the pile during the driving and the final static response of the pile is still unclear due to a 
lack of understanding of the various physical phenomena involved. 
The model experiments described here are aimed at obtaining both dynamic and static 
data for the uniform soil and pile system at different stages during penetration. When 
the pile reaches a depth of interest the driving is stopped and an axial loading test is 
performed; driving is then resumed, so that various cycles of driving and axial loading 
can be performed. The strain gages on the pile give the load distribution in the pile, and 
the pressure transducers monitor the stress field changes around the pile during the axial 
loading. The data is recorded using both the regular and the high speed data acquisition 
systems. 
4.2 DATA REDUCTION 
4.2.1 Overview 
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During data acquisition, some quantities, such as the depth of the pile, are 
computed and displayed on the screen for the monitoring of the progress of the experiment; 
the digital values of the different transducers are also displayed for control of the signal 
processing. The high speed data acquisition card comes with software that allows for 
the display of the recorded signals. Therefore, during an experiment, the raw data is 
monitored visually, and the data stored in computer memory or hard disk. At the end of 
an experiment the data are retrieved from memory to disk and then transferred to diskettes 
for storage, and to a main frame computer for storage and data manipulation. Because of 
the dynamic data records, the number of files and size of the data bank for one experiment 
are very large (i.e., average of 8 MBytes of binary data, when dynamic data are saved 
every tenth blow only). We also have special parameter files for each experiment which will 
contain all the necessary information about the experiment: pile driving equipment, pile 
and soil characteristics; transducer types and parameters describing their characteristics, 
their signal conditioning, their positioning in the soil or on the pile, and their location in the 
data files. Data processing is performed using different routines and programs such as SCM 
(e.g., Soil-Cell Model, the numerical model described in section 5.3, for non-linear soil-cell 
interaction), and SIG, a signal analysis program written by Caltech graduate Robert T. 
Beck. SIG allows for the analysis and processing of different signals in the time or frequency 
domain. It offers a wide range of operations and manipulations of the signals: elementary 
mathematical operations, integration and differentiation, basic statistics, approximation, 
transform techniques, correlation and convolution, filtering, generation of simple and special 
functions and display and plotting facilities. The structure of the program is such that one 
can perform a step-by-step interactive treatment of the signal, monitoring the different 
changes by displays on the screen, and also use command files to perform a given sequence 
of signal manipulations to be applied to a large number of records. The raw output from 
transducers are therefore converted into specific quantities of interest such as time, length, 
force, stress, or non-dimensional quantities. 
In the following, each data reduction method adopted for the different data types will 
be described. 
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4.2.2 Pile Dynamics 
4.2.2.1 Measurement and reduction of acceleration data 
The measured pile accelerations are used to calculate the forces acting on 
the pile with the one-dimensional wave equation analysis approximation (see Chapters 1 
and 3). The raw data consists of 2 sets of 12-bit words coming from the top and bottom 
accelerometers. The data has a sampling rate of 500 KHz (only two accelerometers) or 250 
KHz (two accelerometers and two strain gage bridges) and a record length of 2 KBytes 
of data per blow per channel, which corresponds to 48 to 60 KBytes per test (24 to 30 
recorded blows) of data for accelerometer. The level of noise is small in comparison to the 
high level of the signal coming from the piezoelectric transducers at impact. A variation of 
one bit in the record corresponds to 125 g; impact accelerations are in the order of 10,000 g. 
Therefore in the integration (Simpson or trapezoidal rule) of the signal to obtain velocities, 
ramps due to bit jumps are frequently encountered. It is then necessary to apply some 
form of correction. The detection of bending modes oi the pile during a blow, which are 
expected, can be made by Fourier analysis. H bending mode frequencies are encountered, 
the signal will be processed to subtract the bending mode frequencies from the original 
signal. However, this treatment was avoided. The data is presented, in section 6.2, as plots 
of calculated force versus time in the model scale for a given blow. 
4.2.2.2 Measurement and reduction of axial strain data 
Strain measurements on the pile are also used to calculate the forces 
acting on the pile. The raw data consists of two sets of 12-bit words for the signals coming 
from the top and bottom pairs of strain gages. The data has a sampling rate of 250 KHz 
(two accelerometers and two strain gage bridges) and a record length of 2 KBytes of data 
per blow per channel, which corresponds to 48 to 60 KBytes per test (24 to 30 recorded 
blows) of data for each strain gage pair. Due to the necessary amplification of the signal 
before acquisition, the signal being very weak as is usual with strain gages, there is a 
presence of high frequency noise. A variation of one bit in the record corresponds to 4 lbs 
in the model scale while peak forces of 400 lbs is seen. The complete range of encoding was 
not used because it is difficult to obtain very high gain amplifications with high frequency 
response (i.e., imposed here by the sampling rate used). The data is presented, without 
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any signal processing, as plots of measured force versus time in the model scale, see Figures 
6.2.l and 6.2.2. 
4.2.3 Soil Stress Field 
4.2.3.1 Static Stress Data 
The data for the static soil stress field, which corresponds to the output of 
the pressure transducers at the end of each blow, is recorded through the general purpose 
12-bit ATD. One bit corresponds to 0.1 or 0.04 psi according to the amplification used 
to capture the level of the measured stresses, which can reach up to several hundred psi. 
Filtering of the high frequency noise (25 KHz and above) is done in the signal conditioner. 
The final results, see Chapter 6, are obtained using the following formats: 
1. radial and vertical stress history versus non-dimensional pile depth for the various 
transducer locations: when the radial distance is variable for a given depth, and vice 
versa; 
2. vertical and radial stress history comparison; 
3. stress contours; 
4. peak stresses versus radial distance; 
4.2.3.2 Soil Dynamics Data 
The signal from the pressure transducers is also recorded in the high 
speed ATD, in order to get the transient soil stresses after a blow. The raw data consists 
of 12-bit words recorded from each of the transducers. The data is sampled at a rate of 
250 KHz or 125 KHz; the top accelerometer is used as trigger and reference. The record 
length is 2 to 4 KBytes of data per blow per channel, which corresponds to 48 to 120 
KBytes of data per test (24 to 30 recorded blows) for each pressure cell. The signal is 
conditioned as for the general purpose ATD and so one bit corresponds to 0.1 or 0.04 psi 
depending on the amplification used, because the measured level of stress may reach up to 
several hundred psi. The 25 KHz fr~quency level used in the filtering corresponds to the 
characteristic frequency response of the transducers. The records show frequency content 
within 10 KHz. The high sampling rate is explained by thefact that the top accelerometer 
is used as trigger, so that it is possible to synchronize the two separate high speed ATDs 
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that record the pile and the soil dynamic responses. The data are presented in Chapter 6 
without any raw signal conditioning and show: 
1. the typical transient stress history after a blow (stress versus time); 
2. the evidence of p-wave propagation by plotting transient stress versus time for various 
transducers located at the same depth but different at radial distances and vice-versa; 
3. the dynamic stress decay with distance (as in 2.); 
4. the estimation of the static stress field from the dynamic records (stress versus blow 
number); 
5. the comparison of the dynamic records for a complete driving history, between the 
linear and non-linear soil-cell model assumptions; 
6. the results of the soil-cell model assumption, (see Chapter 6) are presented using the 
format of the previous section. When the non-linear soil-cell model (SCM) assumption 
is mentioned, it implies running the complete dynamic history of each transducer 
through the SCM. Details of the data reduction implications of the use of the SCM 
are given in section 6.3.3.1. 
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Chapter 5 
MEASUREMENT OF SOIL STRESSES 
USING PRESSURE TRANSDUCERS 
5.1 INTRODUCTION 
The evaluation of soil stress implies the use of a stress cell to measure stresses at 
discrete points in a given soil. The use of a measuring device for soil stresses involves many 
considerations that are not often fully appreciated. The insertion of an instrument into the 
soil to measure the actual stress field alters the stress state that would otherwise exist (the 
"free-field soil stress" state). Ideally a stress cell, to be "transparent," should have exactly 
the same constitutive properties as the soil it replaces; but this is virtually impossible to 
achieve. Therefore an understanding of the interaction between the cell and the soil is 
needed to interpret the response of a cell in terms of soil stresses. Many investigations 
of the various factors characterizing the soil-cell system have been conducted (e.g., [1], [6], 
[32], [46], [62], [69], [77], [97], [102], [137], [138], [149], [150], [154], [155], [156], [161]) and 
the principal conclusions will be presented here. 
Because of the soil-cell interaction, the stress registered by the cell does not correspond 
to the free-field soil stress. This means that a correction factor has to be applied to obtain 
actual soil stresses from measured stresses. The registration ratio R is commonly used 
in the literature to refer to this correction factor; it is defined according to the following 
procedure: 
First a calibration of the cell is performed in a fluid medium (air, water, or oil), because 
of the linear and reversible behavior of the fluid-cell system. A calibration factor CJ relating 
the actual applied stress to the cell electrical output is obtained: 
(5.1) 
where 
u I = applied fluid stress 
Vi ·= cell electrical output 
c I = fluid calibration factor 
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Then the cell is placed in the soil in a mass of soil with dimensions many times larger 
than those of the cell, the soil is stressed with a stress u one-dimensionally, and various 
calibration tests are performed. The output of the cell V2 is now expressed in terms of 
"measured stress" 8: 
(5.2) 
and the registration ratio R is defined as: 
(5.3) 
The ideal gage would have a constant registration ratio of 1, but as mentioned earlier, 
this is not achievable. This ratio varies for different cell types and shapes, and is not a 
unique value for a given cell. Many factors, including the cell and the soil properties, 
influence the value of R, and lead in some cases to a non-constant R on a simple load-
unload-reload cycle. Weiler and Kulhawy [161] discussed many of the factors affecting 
the stress cell measurements and summarized them in a table given here as Table 5.1. 
These factors play an important role and can be grouped into three categories: (1) Stress 
cell properties and geometries, (2) Soil properties, (3) Experimental conditions, which are 
related for interactions between the cell and the soil under various environments. From 
the various studies we can obtain some understanding of the soil-cell system and also some 
guidelines in the use of such devices. 
(1) Stress cell properties and geometries: 
Of the two categories of cell type, flexible diaphragm cell and stiff cylinder cell, the sec-
ond kind will not be considered here because the bulkiness of the cell and the discontinuity 
in displacement between the cell and its case cause excessive errors in the free-field stress 
measurement. The flexible diaphragm cell, as used in the experiments, consists of a thin, 
circular diaphragm attached to a stiff case; the diaphragm will deflect under normal pres-
sure applied to it. The presence of an inactive, stiff annular rim around the cell diaphragm 
reduces the stress concentration at the cell boundaries. Monfore [97], and then Peatty and 
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Sparrow [154] recommended that the sensitive area of the cell be less than 45 % and 25 
% respectively, of the total cell area to reduce the effects of these stress concentrations; 
( <P / D 2 = 0.45, or 0.25 , where d = diameter of the sensitive area, and D = diameter of 
the cell). Figure 5.1 gives a sketch of the stress redistribution over and around the cell 
embeded into the soil. 
Following some experimental studies and theoretical investigations, Collins et al. [32], 
Monfore [97], Taylor [149, 150], Tory and Sparrow [154], it is shown that to minimize the 
error in the stress field due to the disruption produced by the thickness of the cell, a cell 
with a low aspect ratio (defined as the cell thickness to cell diameter ratio) should be used. 
An aspect ratio less than 0.2 is recommended. The magnitude of the stress redistribution 
around and over a cell depends a great deal on the aspect ratio of the cell. The effect of 
the aspect ratio can be seen in Figures 5.1 to 5.3. 
Also the presence of wires and protuberances existing at the back of the transducer 
contribute to the disturbance of the stress field. It is important to select a thin cell with 
wires coming out in the plane parallel to the sensing area. 
The soil-cell stiffness ratio S defined as: 
where 
S _ Eaoit d3 
- Ecell t3 
Eaoil =Young's modulus of the soil 
Ecell = Young's modulus of the cell material 
d = cell diaphragm diameter 
t = cell diaphragm thickness 
(5.4) 
plays a very important role in the variation of the registration ratio. In the early in-
vestigations on soil pressure it was recognized that a stress cell stiffer than the soil will 
over-register, and a cell softer than the soil will under-register, see Figure 5.1. Tory and 
Sparrow presented the result of the analysis of an embedded cell with a rigid guard ring 
surrounding a flexible diaphragm, for the case of one-dimensional compression. Variations 
of the registration ratio are plotted as a function of the soil-cell stiffness ratio for different 
cell aspect ratios, see Figure 5.2. These results show that, for monotonic loading: 
1. for a stiff cell (S smaller than 0.3) the registration ratio remains almost constant, 
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2. the registration ratio decreases rapidly as the cell becomes soft compared to the soil 
(S greater than 10), 
3. important variations of the registration ratio can be observed for a cell with a stiffness 
comparable to the soil stiffness. 
Because soil stiffness varies with so many parameters, a soil-cell stiffness ratio less than 0.5 
is recommended for consistency in the measurement of stresses. 
These guidelines have been followed to choose the cells used during the present exper-
iments. The geometrical characteristics of the cells fit the recommendations, because the 
aspect ratio of the gages is about 0.2. According to the manufacturer's information the 
type # 5 gage (see section 2.5.2), with a range of 500 psi, used in the later experiments 
has a soil-cell stiffness ratio of 1.5, for a soil's Young's modulus of 10 Kpsi, which tells us 
that the cell is not stiff enough and therefore variations of the registration ratio are to be 
expected. It was observed that the cell displays large variations of the registration ratio 
(see section 5.4.3). 
Ifwe want to estimate the deflection of the cell's diaphragm we know that the maximum 
deflection will occur in the center and will be bounded by the two values obtained for a 
circular plate simply supported (upper bound) and perfectly clamped (lower bound). We 
obtain from Roark [117] the following formulas for the maximum deflection, Ym, at the 
center of the plate, 
circular plate simply supported, uniform loading: 
3(5 + v)(l - v2 )qa4 
Ym = 16(1 + v)Et3 
circular plate clamped, uniform loading: 
3(1 - v2 )qa4 
Ym = 16Et3 
where 
v = Poisson's ratio of the plate 
E = Young's modulus of the plate 
a = radius of the plate 
t = thickness of the plate 
(5.5) 
(5.6) 
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q = applied uniform load 
We obtain for the present cell under a 100 psi uniform pressure: 
2.5410- 5 inches < y < l.0410-4 inches 
From the soil properties mentioned in Chapter 3, we expect the Young's modulus of 
the sand to vary from about 12 Kpsi at a confining pressure of 2 psi, to 55 Kpsi at a 
confining pressure of 50 psi. If we consider a layer of soil of the same thickness as the cell 
under a uniform pressure of 100 psi then for a Young's modulus of 12 Kpsi and 55 Kpsi we 
obtain a deflection of 3.3310-4 inches and 7.2710-5 inches respectively. 
Therefore, considering the cell in its stiffest configuration ( diapragm perfectly clamped), 
the cell is approximately thirteen times stiffer than the soil at low confining pressure and 
less than three times stiffer than the soil at a higher confining pressure. In other words, 
the cell is not stiff enough for the effects on the soil-cell system of the variations in soil 
stiffness to be negligible. For these values of soil Young's modulus, the soil-cell stiffness 
ratio S, defined in Eqn. {5.4), varies from 1.8 to 8.2, which confirms that the cell is not 
stiff enough. However, because of limitations in the choice and availability of miniature 
pressure cells and because of the fact that the electrical output of the cell becomes small as 
the stiffness increases, these gages were used. A careful study of their interaction with the 
soil was made, as presented in the following sections, to take this limitation into account 
in the interpretation of their readings. 
{2) Soil properties: 
In a multi-axial stress field, the disruption due to the presence of the cell will cause 
a portion of the lateral stress to be felt in a direction normal to the cell, the phenomenon 
studied by Askegaard [6], Collins et al. [32], and referred to as the cell lateral stress 
rotation. Though a thinner cell reduces this effect, the lateral stress rotation effect also 
depends heavily on the value of Poisson's ratio of the surrounding material, and can be 
significant for the lower range of Poisson's ratio (see Figure 5.3). Another influence of the 
lateral stress on the cell is the presence of nonuniform in plane (lateral) compression on 
the cell diaphragm. This effect, called the cross sensitivity, can be removed by suitable 
arrangement of the strain gages attached to the diaphragm so that the Wheatstone bridge 
does not measure in-plane stresses. 
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The soil grain size must be sufficiently small relative to the cell diameter to avoid 
"point load" effect in the loading of the diaphragm. Weiler and Kulhawy found that for 
an active· cell-diameter-to-soil-grain size ratio ( d/ D50 , with D&o being the grain diameter 
at which 50 % of the soil is finer) greater than 10, the multiple point loads yield the same 
results as a uniform load. 
The deformation of the cell diaphragm may cause arching in sand. Recommendations 
suggest a cell diaphragm diameter-to-deflection ratio of up to 5000 be used in dense sand 
to minimize the arching problem with diaphragm-type cells. This considerably reduces the 
cell sensitivity. 
The sand used in the experiment has a Poisson's ratio of 0.3, which makes the lateral 
stress effect for our gages reasonably low. It is a very fine uniform sand with D50 = 0.15mm, 
so it provides a uniform loading of the cell diaphragm. The deflection of the diaphragm 
will be in the order of 10-4 , which gives a deflection ratio of about 1000, so that arching 
may occur. 
(3) Experimental conditions: 
Variation in the placement of the cell in the soil can greatly influence the registration 
of the gage. Hadala [62] reports variations in the registration ratio as large as 40 % for 
laboratory soil stress measurements. He also found that the simplest placement techniques, 
being the more reproducible, will cause less scatter; and with sand he suggested gently 
placing the gage on top of the last lift placed and continuing backfilling as if the cell was 
not present. Also Reiff and Langler provide some guidelines for the influence of proximity 
of structures and other cells. A clearance of four cell diameters in any direction generally 
satisfies their recommendations. These guidelines have been followed for our experiments. 
For dynamic soil-stress measurements, matching the bulk weight of the gage to that of 
the soil is desirable to avoid inertial effects, and is particularly important in saturated soil. 
The cell should have a high natural frequency and consequently a short rise time response 
to record the rate of stress change and the peak of the stress pulse. A resonant frequency 
of the cell of at least three times the maximum frequency of the loading is recommended. 
A safe rise time to which our transducer will respond linearly within 5% can be expressed 
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as a function of the period T up to which the cell has a fiat frequency response: 
where 
f n = natural frequency in Hz 
T=-1-
0.2/n 
T 
tr= -4 
tr = cell safe rise-time response in sec. 
(5.7) 
(5.8) 
For our cell tr = lOµsec. In these experiments, the actual rise time of the transducer is 
much faster than the safe rise time. 
The soil-cell stiffness ratio is very important. It is reported in the literature that 
for high strain rate associated with shock-type loadings, the soil Young's modulus can 
increase over a large range, which implies a consequent decrease in the cell registration 
ratio. Durelli and Riley [46] performed some static and dynamic calibration experiments 
on gages embedded in cylinders of urethane rubber. The response of the embedded gage to 
static loadings on the rubber was found to be approximately 40 % higher than its response 
to static air pressure; for dynamic loadings on the rubber the response was 80 % higher. 
Though the response in soil is expected to be different, the phenomenon mentioned above 
relates to an increase of the registration ratio of the cell, as the soil appears stiffer under 
dynamic loading. The estimation of the registration ratio for dynamic loading in soil was 
not achieved with our facilities. 
Many factors come into play in the performance of a soil-cell system. The complexity 
m the interaction and behavior of such systems implies the need of doing a thorough 
calibration specific to each particular configuration of the soil-cell system. The calibration 
used in the present experiments is described next. 
5.2 EXPERIIVIENTAL CALIBRATION OF PRESSURE 
TRANSDUCER BEHAVIOR IN DRY SAND 
5.2.1 Static calibration 
The purpose of the static calibration of the pressure cells in the centrifuge is 
to get the necessary data in order to represent their behavior by a model for the specific 
centrifuge experimental conditions. The model must describe the transducer behavior 
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under any kind of loading configuration, so that the electrical output of the cells during an 
experiment can be interpreted in terms of soil stresses. 
At first the linearity of the diaphragm-type cells under hydrostatic pressure is checked 
in the centrifuge environment. For this, as described in section 3.2.5, the gages are placed 
at the bottom of a container under a plastic membrane that covers the container walls. 
Several inches of water are poured inside the membrane. The calibration then consists of 
monitoring the output of the cells as the centrifuge is spun up and down. A linear behavior 
is observed, see Figure 5.4, and good agreement with the manufacturer's calibration is 
obtained. 
With this understanding of the pressure cell mechanical system under hydrostatic 
pressure, we proceed with calibration of the transducers embedded in the soil. It is a new 
system in which the cell, the soil and the soil-cell interaction all play an important role. 
In the introduction section we saw that the registration ratio of a cell is not a unique 
property of the gage but varies with the physical properties of the soil in which it is 
embedded and the stress field. Consequently the pressure cells have to be calibrated for 
each specific application. Therefore the calibration tests were conducted in the centrifuge 
in the container and with the soil used for the pile driving experiments. As mentioned in 
section 3.2.5, various configurations of the cell soil system were tested. The gages were 
embedded in dry fine Nevada sand at a medium density, which corresponds to the soil 
conditions of the pile driving experiments. The transducers are placed in the sand to read 
vertical stresses. By spinning the centrifuge up and down, we increase or decrease the 
stresses in the soil. In particular we know that the overburden stress at a point in the soil 
will follow the acceleration variation of the centrifuge, as this stress is linearly proportional 
to the g-level. Because we deal only with vertical stresses, in a dry sand for which the 
settlement due to loading is negligible, so that the height of soil above a cell is constant, 
it is worth noting that we actually know with confidence and quantitatively the stresses 
acting on the gages during calibration. 
On a simple loading-unloading cycle the cell exhibits an hysteretic behavior during 
unloading (see Figure 5.5.a). The arrows indicate the loading path, and we see that "virgin" 
loading gives a linear response and unloading a non-linear one. In Figures 5.5 to 5.9, and 
Figure 5.12, the top plot (a) shows the soil stress during the centrifuge calibration versus 
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the measured stress obtained from the pressure cell output; and the bottom plot (b), which 
will be referred to later, shows the comparison between the centrifuge calibration and the 
prediction from the soil-cell model described in section 5.3. 
Let us consider a layer of soil of a given initial thickness. During loading the layer will 
decrease in thickness; on unloading, if the material was purely elastic, the layer would get 
back to its original configuration. Now we know that sand exhibits a non-linear behavior, 
so for large loading, the layer of soil will deform inelastically and therefore will not go back 
to its original configuration but to a new configuration described by a thickness smaller 
than the initial thickness. If we look at the pressure cell by itself we know that under 
the range of utilization it is linear (refer to the calibration under hydrostatic condition). 
Now consider the layer of soil whose thickness is equal to the thickness of the pressure 
cell. After a first loading the soil layer ends up with a smaller thickness, and during 
unloading it exhibits non-linearity. In turn, the cell embedded in that soil layer wants to 
go back to its initial configuration during unloading, but can not because the surrounding 
soil prevents it. Therefore the cell will read some residual stress. The stress in the gage 
is higher on unloading than the nominal stress in the soil: this explains the non-linear 
curve describing unloading. This can be expressed also in terms of lateral stress buildup 
in the soil during loading. As the vertical stress increases, the lateral stress follows the Ko 
line, and is therefore proportional to the axial stress. Upon unloading, the lateral stress 
decreases at a much slower rate; this results in an increase in the ratio of lateral to axial 
stress. As mentioned in the introductory section, this relative increase in lateral stress will 
cause over-registration of the cell. 
During reloading and repeated cyclic loading (see Figure 5.6.a to 5.9.a), this hysteretic 
behavior will come into play. 
The aim is to model the different aspects of the non-linear behavior of the cell embedded 
in the soil, in terms of the soil stress, with as few parameters as possible. For this purpose 
different cyclic loading configurations are used to get an understanding of the governing 
rules of the non-linear behavior observed. Some of these calibration curves are presented 
here, and, of course, apply only to the soil and gage tested. All the pressure transducers 
used in the experiments are diaphragm gages and do present similar behavior governed by 
the same rules. Now each gage type (refer to section 2.2.5) will have a particular set of 
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parameters to describe its behavior. Figures 5.5 to 5.8, and Figure 5.12 correspond to a 
type # 4 gage that shows a larger hysteresis (which makes it easier to follow the loading 
path on the plots presented) than the type # 5 gage, whose behavior is shown in Figure 
5.9. 
Let us call the initial stress state of a gage the zero state: (u = 0, (J = 0), and a "simple 
cycle" a loading from u0 to a maximum stress state u max and back down to uo. 
Some of the cyclic loading configurations are: 
1. repeated simple cycles of increasing (Figure 5.6.a), constant, or decreasing O"max, to 
investigate cyclic loading effects on the linear and hysteresis behavior. 
2. cycles with partial unloading and increasing O"max, (Figure 5.7.a), to see whether or 
not the linear behavior will always prevail during "virgin" loading. 
3. cycles with partial loading and unloading during unloading (Figure 5.8.a), to look at 
the evolution of the behavior in the purely non-linear domain. 
4. repeated unloading cycles with constant maximum stress but increasing cycling range 
(Figure 5.12.a) , for the evidence of residual stress explained by the change of the 
characteristics of the soil-cell system. 
5.2.2 Dynamic calibration 
During pile driving experiments the pressure transducers embedded in the soil 
will be submitted to dynamic loading by the soil stress wave following each impact of the 
hammer on the pile. It is therefore important in the interpretation of the stress history 
during driving to know the behavior of the cells under dynamic loading. The question to 
answer is the following: can the transient behavior of the soil-cell system under dynamic 
loading be assumed linear as a first approximation, or, if not linear, then equal to the static 
loading behavior, or is it something different? Engineering judgment guides one to assess 
that the cell under dynamic hydrostatic loading shows the same linear behavior as the one 
observed under static loading. Similarly the sand is expected to display approximately 
the same behavior under static and dynamic loading. What can be said for the soil-cell 
interaction under the two different loadings? We mentioned in the previous section that 
it is important for the calibration of the system, to know with confidence the qualitative 
and quantitative values of the stresses seen by the cells. We do not have any equipment in 
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our laboratory that can allow us to do a quantitative calibration of the transducers under 
dynamic loading, nor is it easy to see how this could be achieved. We can only perform a 
qualitative calibration, to assess the rules that govern the behavior of the soil-cell system 
under dynamic loading. 
Soil column test experiments were performed as described in section 3.2.5. A check of 
the transducer responses was done by changing the length of the impacted rod. The cell 
at the interface rod-soil sees the stresses generated by the wave bouncing pack and forth 
in the rod. The frequency of the rod stress pulse is inversely proportional to the length 
of the rod. The records from the transducer give an accurate representation of the wave 
propagation. 
5.3 NUMERICAL MODELING OF PRESSURE TRANSDUCER 
RESPONSE IN DRY SAND 
The extensive set of calibration tests performed brought about an understanding of the 
mechanisms that govern the soil-cell static behavior under various loading configurations. 
The model that we present here is based on th.e expression of these mechanisms in terms 
of rules. 
The first rule that can be extracted from the various calibration plots obtained is that 
regardless of the previous loading history, the virgin loading is linear (see Figures 5.6 and 
5.7). 
The linear equation is simply: 
u =RO (5.9) 
where 
u = actual soil stress 
0 = measured stress (obtained from the cell voltage and the linear calibration factor 
CJ, Eqn. (5.2) 
R = linear calibration factor of virgin.loading line (see Figure 5.10.a) 
The second rule is that the unloading follows a logarithmic decay from the local max-
imum stress to the zero stress state, independently of the past loading history (see Figures 
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5.5 to 5.9). The corresponding equation is used for different unloading during cyclic loading 
cycles, regardless of the level at which unloading starts. 
The logarithmic decay equation is as follows: 
_ [l - log(l + Omax - O)] 
<T - <Tmax { ) log 1 + Omax 
where 
<Tmax = local maximum soil stress (see Figure 5.10.b) 
Omax = local maximum measured stress 
(5.10) 
As mentioned in section 5.2, the pressure gage type # 4 exhibits a larger hysteresis than 
the gage type # 5. To talce this difference between gage type into account, we introduce a 
second parameter N that will characterize the specific shape of the unloading curve for a 
gage type. We see that the hysteresis curve of the type # 4 gage displays some asymptotic 
behavior as the stress decreases, whereas the simple logarithmic decay equation represents 
the hysteresis of gage type # 5. 
So we define unloading as follows: 
( O )N [ log{l + Omax - O)] <T = Omax O"max l - log(l + Omax) (5.11) 
where 
N = gage parameter 
By setting N equal to zero in Eqn. (5.11) we get back to Eqn. (5.10), that corresponds 
to the # 5 gages. 
The third rule is that the reloading follows a logarithmic-asymptotic curve from the 
local minimum to the absolute maximum, the linear curve of Eqn. {5.9) being the asymptote 
(see Figures 5.7 to 5.9). 
The equation is: 
o- =RO - D..o- (5.12) 
or: 
with: 
where 
Ou = uu/R 
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q = RO _ .D.uo [l _ log(l + (} - Omin) ] 
log(l +Ou - (}min) 
.D.uo = RO min - q min 
au = absolute maximum soil stress encountered in the past history 
Umin = local minimum soil stress (see Figure 5.10.c) 
Omin = local minimum measured stress 
(5.13) 
(5.14) 
With these three rules we obtain three equations governing the behavior of the pressure 
cells embedded in the soil. Figures 5.5.b to 5.9.b give the comparison between the exper-
imental calibrations, and the model representation using the rules described by the above 
equations. It is observed that the predictions obtained from the soil-cell model (SCM) are 
in good agreement with the experimental results. 
The non-linear behavior of our pressure transducers is well-defined by the described 
model that uses only the linear calibration factor of the virgin loading line (the fundamental 
parameter of the cell as measuring device), and one parameter for the shape characterization 
of the unloading curve (a parameter characteristic of the cell's mechanical properties). The 
simplicity and consistency of the model for the different gages give assurance that the three 
rules presented above are descriptive of the physical properties of the cell-sand system, and 
that the model describes the real behavior of the cell-sand system. The model can then be 
used with some confidence for interpreting the measurement of the transducers in terms of 
actual soil stresses under cyclic loading conditions. 
5.4 INTERPRETATION OF PRESSURE TRANSDUCER OUTPUT 
DURING AN EXPERIMENT 
5.4.1 Static loading 
From the previous section we know that the behavior of the soil-cell system 
is history dependent, and it is therefore important to know the complete loading history 
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to interpret the data from a pressure cell embedded in the soil in terms of soil stresses. In 
the case of a known purely static loading history, by using the soil-cell model described in 
section 5.3, we know that we can interpret with good confidence the output of the cells in 
terms of stresses. 
Now for pile driving experiments the loading history is a dynamic loading history, 
each blow being a dynamic event. Therefore to interpret the data from the pressure cells 
embedded in the soil surrounding the pile in terms of overall stress field change during 
driving (which corresponds to a data point (final static stress) for each transducer following 
each hammer blow on the pile), we need to take into account th.e dynamic loading history 
at each blow. The axial loading of the pile at the end of driving is a static loading, and 
the model can then be applied to interpret the pressure cell readings. But we have to keep 
in mind that the past loading history that corresponds to the driving of the pile is needed 
because it defines the starting point for the model as well as the values of uM,Umin and 
. Omin, or Umax and Omin• 
5.4.2 Dynamic loading 
From section 5.2.2 we know that we do not have enough data to describe the 
dynamic behavior with the same confidence as for the static loading ~ase. Therefore we 
have to make some assumptions. 
The first possible simplifying assumption is to consider the soil-cell system to be linear 
under dynamic loading. Then for the case of pile driving where the stresses in the soil are 
the results of the dynamic loading of the soil, this means that the stresses measured by the 
gages are directly proportional to the soil stresses throughout driving. We expect this not 
to be true: engineering judgment leads us to think that during dynamic loading the soil-cell 
mechanical system will exhibit similar non-linear characteristics as for static loading. 
A second assumption is to consider the behavior of the soil-cell system to be the same 
(non-linear) under static or dynamic loading. Then we can use the model described above 
for any loading static or dynamic. The parameters for the model are assumed to be the 
same in both cases, and are obtained from the static calibration. Then the soil-cell model is 
fully determined by the static calibration curves. The interpretation of the data is obtained 
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by the application of the model to the complete loading history. This means in the case of 
pile driving that we need the dynamic loading history of the transducers at each blow. 
Now if the soil-cell model parameters for static and dynamic loading are different, or 
if the soil-cell system is governed by different rules for dynamic loading, then we are not 
able to interpret the data from the pressure cells for soil dynamic experiments such as pile 
driving. 
5.4.3 Obtaining the soil-cell model parameters for a pile driving 
experiment 
At this stage, a choice was needed and it was assumed in the rest of the work 
that the second hypothesis holds: the behavior of the soil-cell system is described by the 
model of section 5.3 with the same parameters for static or dynamic loading. 
The model that is used requires first the evaluation of the calibration factor for the 
linear virgin loading line. With the many calibration experiments conducted it has been 
observed that the cells and the soil stiffness are of the same order. This implies as discussed 
in the introduction section that any change in the stiffness ratio: cell stiffness/soil stiffness 
will cause variation in the stress ratio: measured stress/soil stress. Therefore the virgin 
line calibration factor is not just a cell parameter but depends on the soil and the soil-cell 
system characteristics. For a given cell and a given soil at a fixed density this factor will 
change with the position of the cell: as the cell gets deeper into the soil the soil stiffness 
increases, so the stiffness ratio decreases; therefore the stress ratio, or the calibration factor 
decreases (see Figure 5.11). 
The knowledge of the loading history from the zero state is also needed. For a centrifuge 
experiment, the initial stress state at the beginning of an experiment is to be determined 
as well as the past history: from the zero state to the initial state. When we prepare an 
experiment, the cells are placed in the soil at different locations and at different orientations. 
We can estimate from the soil parameters and the cells' positions the stress acting on the 
cell at this reference value of the cell output. When the centrifuge is spun up to the test 
acceleration the output of the cells is continuously monitored. Therefore, before starting 
an experiment we have a record of the loading history of the cells. It consists of a simple 
monotonic loading, so that the measured stress and soil stress relation follows the virgin 
loading line, and the maximum past stress is the initial stress value. So the only value 
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needed for the use of the model is the initial stress acting on the cells just prior to pile 
driving. Also the spinning-up of the centrifuge corresponds to a calibration loading, which 
allows us' to check the calibration factor of the virgin loading line obtained by previous 
static loading calibration tests, against the value calculated during the spinning up of the 
centrifuge for the very experiment. 
5.4.4 Discussion 
We know that we have been able to develop a model that accurately represents 
the soil-cell behavior under static loading. But we have to keep in mind that there are 
some limitations in the use of the model. We will enumerate some of these points: 
1. Limited confidence in the estimate of calibration factor of the virgin loading line, and 
in its remaining constant during an experiment. 
2. Limited confidence in the estimate of initial stress state. 
3. Assumption of uniformity of the soil at the beginning of an experiment. 
4. The effect of the placement of transducer in the soil is neglected. 
5. Same behavior and same calibration parameters are assumed for measurement of ver-
tical, radial, or other orientation of stress. 
6. The effect of the stress field on the properties and characteristics of the soil-cell system 
is neglected. 
Because during an experiment there will be changes in the stress field, in the soil 
distribution, in the position of the cells (translation or rotation), etc., we know that there 
will then be changes in the properties of the soil-cell system. Therefore the soil-cell stiffness 
ratio will vary giving rise to new values of the calibration factor of the virgin loading line 
for example, or the parameter that describes the shape of the unloading curve, which is 
certainly soil-cell interaction dependent, will change, or important residua.I stress effect can 
come into play. Figure 5.lOa shows the evidence of residual stress due to cyclic loading. 
As mentioned earlier in section 5.2.1, during loading the soil deforms inelastically, but the 
gage deforms elastically. When unloading the cell cannot return to its original configuration 
because of the inelastic deformation that occurred in the soil. Therefore the cell sees some 
residual stress. By repeating the cyclic loading, the residual stress will at first increase and 
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then converge for a large number of cycles. This residual stress effect is not included in 
this simple model (see Figure 5.lOb), as it requires keeping track of the complete previous 
loading history as loading proceeds. 
Now pile-driving experiments involve also dynamic loading and various complex phe-
nomena such as plastic flow or creep, which imply even more limitations as to the use of 
the pressure transducer model. These are: 
a. Large changes in the soil conditions during the experiment, leading to variations in 
the parameters and eventually in the soil-cell system behavior. 
b. Important movement of the transducer during the experiment, with displacement and 
rotation. 
c. Rotation of the axes of principal stresses. 
d. Plastic deformation and creep. 
So not only the parameters characterizing the transducer-soil behavior are different 
for each soil conditipn for each cell, but as the experiment proceeds and the stress field 
changes, these parameters are changing. 
Although pressure transducers are the only technology available to measure soil stresses 
today, it can be said that we are actually measuring stresses with an instrument whose 
calibration is dependent on the stress that it is measuring, but in a way that is not fully 
understood. Therefore, the straightforward interpretation of pressure cells output in terms 
of stresses is not possible. Thus, the hypothesis concerning the definition and the use of 
the soil-cell model (Eqn. (5.9), (5.11) and (5.12)) constitutes one of the first attempts 
to confront this problem and contribute to its solution. Many efforts, however, in the 
understanding of the physical phenomena in the soil-cell interaction and in the improvement 
of the technology of stress cells are still required. 
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Factor Description of error Correction method 
(1) (2) (3) 
Aspect ratio (cell Cell thickness alten stress field Use relatively thin cells 
thickness to diam- around cell <T/D < 1/5) 
eter ratio) 
Soil-cell stiffness ra- Changing soil stiffness may Design cell for high 
tio, S cause a nonlinear calibration stiffness (S < 0.5) 
and use cortection 
facton 
Diaphragm deflection Excessive deflection changes Design cell for low de-
<arching) stress distribution over cell flection (d/ ti > 
2.000-5,000) 
Cylinder or piston Much lower allowable deflec- Design cell for low de-
cell deflecuon tion than for diaphragm cells flection <d/t:. > 
20.000) 
Stress concentrations Causes cell to over-register by Use inactive outer rims 
at cell comen increasing stress over active to reduce sensitive 
cell face area ld2/D2 < 0.25-
0.45) 
Eccentric. nonuni- Soil grain size too large for cell Increase stress cell ac-
form and point size used tive diameter ldia-
loads phragm. d/D~ c: 10 
cylinder, d/D'° c: 50) 
Lateral stress rotation Presence of cell in soil causes Use cortection facton 
lateral stresses to act normal (Eq. 3) 
to cell 
Cross-sensitivity Nonuniform direct lateral Change strain gauge ar-
compression of cell causes rangement or add 
error in measurement outer rings 
Stress-strain behavior Cell measurements influenced Calibrate cell under 
of soil by confining conditions near-usage conditions 
Placement effects Physical placing of cell causes Random error; use du-
disturbance of soil plicate measurements 
Proximity of struc- Interaction of stress fields of Use adequate spacing; 
tures and other cell and structure causes see text for critena 
stress cells erron 
Dynamic stress Response time. natural fre- Use dynamic calibration 
measurements quency and inertia of cell 
causes erron 
Corrosion and May cause cell "failure" by Use extra water-proof-
moisture attacking cell matenals ing precautions 
Placement stresses Oventressing dunng soil com- Check cell design for 
paction may petmaliently yield strength 
damage cell 
Temperature Changes "zero reference" of Calibrate or use balance 
cells; does not change slope res is ton 
of calibration 
Table 5.1 Factors affecting stress cell measurement 
(from Weiler and K ulhawy) 
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Figure 5.3 Theoretical lateral stress rotation for ellipsoidal inclusion 
(from Askegaard and Collins et al.) 
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Figure 5.4 Pressure cell hydrostatic calibration 
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Pressure cell response to repeated cycles of increasing O'mar 
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Figure 5.8 Pressure cell response to cyclic reloading during unloading 
(a) centrifuge call bration 
(b) comparison between centrifuge calibration (- soil stress) 
and SCM prediction (. . . calculated stress) 
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Figure 5.9 Type #4 pressure cell response to cycles of increasing Uma:z: and 
partial unloading 
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Measured Stress (psi) C06PT1.1 
Measured Stress (psi) C06PT11 
Figure 5.12 Pressure cell response to cycles of constant Uma:z: and partial 
unloading 
(a) centrifuge calibration 
(b) comparison between centrifuge calibration (- soil stress) 
and SCM prediction (. . . calculated stress) 
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Chapter 6 
EXPERIMENTAL RESULTS 
6.1 CENTRIFUGE SCALING CONSIDERATIONS 
The model experiments are run following the centrifuge scaling laws as described in 
Appendix A. The overall g-level for the experiments was 50 times the earth gravitational 
acceleration (50 g). The Caltech centrifuge is small in size, with a radius at the experimental 
bucket bearings of 36 inches. For experiments such as pile driving where there is·a large 
motion, over 8 inches, of the model pile, the g-level gradient between the beginning to 
the end of the experiment becomes important. The g-level for the Caltech centrifuge is 
calculated from the following equation: 
(6.1) 
where 
Ng = g-level 
w = the number of rotations per minute of the centrifuge 
Rg = the radial distance, in inches, from the center axis of the centrifuge to the point 
at which the g-level is calculated 
The ratio of g-levels for the fully embedded pile from the top to the tip of the pile is: 
9piletop = . 75 
9piletip 
There are up to 25% variations in the g-level from top-to-tip of the pile or from 
beginning-to-end of an experiment. This g-gradient is very high, and cannot be neglected. 
It implies that, as the model pile is driven into the soil, the equivalent prototype pile gets 
longer and larger. Therefore it is not possible to simply choose one single value of the g-level 
to represent the scaling, from model to prototype, of all the quantities that describe the 
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experiment a.nd a.re measured throughout driving. An estimate of the prototype quantities 
can be obtained using an overall scaling factor of 50, but it is to be kept in mind that this 
represents an average value, and that the g-level gradient plays a role in the representation 
of the prototype test. 
Several possibilities to present the data are available: to choose the model scale for 
all the quantities throughout the test, to choose non-dimensional groups to cancel the 
dependence on the g-level, or to choose the prototype scale at a given point during the 
driving or axial loading for which a g-level is explicitly defined. It is important in the 
presentation of the experimental data to select quantities that retain their meaning in 
the scale chosen. Non-dimensional groups are sometimes difficult to interpret or associate 
with physical quantities. Consequently we limit the use of non-dimensional quantities for 
the lengths (e.g., pile length (L), pile depth(D), pile penetration during axial loading (P), 
position of transducers in the soil: depth (Z), radial distance (R), see Figure 6.1) where 
the length is non-dimensionalized by the radius of the pile (A); or for stresses where the 
measured or calculated radial or vertical soil stress is non-dimensionalized by the initial 
overburden stress (uv) at the point of interest. This is what we are going to do: 
For the pile; lengths (e.g., pile length, pile depth, pile penetration, gage position) are 
non-dimensionalized by the pile radius (A) (e.g., non-dimensional pile depth= pile depth/ 
pile radius (D/A)). Acceleration, force, stress, and time are represented in the prototype 
dimensions. For a given blow, the pile depth, corresponding to the embedded length of 
the pile, is known: D (Figure 6.1). The g-level is then calculated for the pile mid-depth 
(D/2), and applied to the various quantities relating to the pile characteristics, positions 
and response. Rg, the radial distance from the center axis of the centrifuge to the point at 
which the g-level is calculated for a given position of the pile is shown in Figure 6.1. 
For the soil; the transducers located in the soil, being at a given position during the 
whole experiment, are not subjected to a g-level gradient, therefore the g-level for ea.ch 
transducer is calculated for its particular position. All the measured quantities can then 
be presented in the prototype scale or in non-dimensional form. 
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6.2 PILE DYNAMICS 
AB explained in Chapter 4, the pile response to the hammer impact is monitored 
throughout driving using a high speed data acquisition system to capture the transient 
records from the accelerometers and the strain gages placed on the pile. The experiments 
were conducted on closed-end piles, the modeling of the plug behavior of open-ended piles 
driven in sand in the centrifuge being unknown. The model pile driver directly hits the 
pile cap in which the top accelerometer is fixed, and a second accelerometer is located at 
the bottom of the pile in the plug. Strain gages are placed at various positions along the 
pile shaft. 
Figure 6.2.1 shows the response of the pile to the hammer impact in terms of force 
records obtained from four strain gages located at different positions along the pile. Com-
pression is shown downward. The model pile is 9 inches long (L/A = 48); the gages are at 
2.67A, 13.33A, 34.67A, and 45.33A from the pile top, and the pile depth is D/A = 16.0 (the 
pile is 1/3 embedded). The compressive wave from the hammer impact can be followed 
down the pile. The delays observed in the signals correspond to the propagation time of 
the wave travelling in the pile. During the early stage of driving, the resistance offered by 
the soil at the base is limited. Therefore, at the pile tip a free end boundary conditions 
will dominate, and the compressive wave reflects into a tensile wave. The impact of the 
hammer on the pile cap does not give rise to a sharp pulse but rather to a long pulse due 
to prolonged contact between the pile and the driving mechanism. The cancellation of the 
downward propagating compression wave of the impact by the reflected tensile wave is ob-
served. On reaching the top of the pile the tensile wave will reflect as a compression, which 
can be seen propagating down the pile. The wave can be seen to propagate down and up 
the pile, reflecting at the top and a second time at the tip. Because of the soil resistance at 
the pile tip and along the pile, energy is dissipated into the soil and the wave propagating in 
the pile is attenuated. This behavior is observed in prototype piles (e.g., [9], [26], [33], [44], 
[56], [85], [116]). In some prototype experiments on very long piles the duration of impact 
is in the order of L /2c and therefore a compression pulse followed by an actual tensile pulse 
can be seen near the pile tip, and the tensile pulse reflected into a compression pulse is also 
observed near the top of the pile, (e.g., Tagaya [147], Meunier and Gaulois [90]). 
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Wave propagation in the pile, treated as a semi-infinite elastic rod where only one-
dimensional (axial) motion is assumed, is governed by the following differential equation 
(e.g., Love [87]): 
where 
w = axial displacement 
t =time 
c = wave speed in the rod 
z = axial position 
with: 
where 
c=~ 
E =Young's modulus of pile material 
p = pile material density 
The solution of Eqn. (6.2) by the method of characteristics is of the form: 
w = f(z - ct)+ g(z +ct) 
(6.2) 
(6.3) 
(6.4) 
where f and g are functions that represent the downward and upward travelling wave. With 
the convention of positive downward displacement and compressive strain and stress, Eqn. 
(6.4) leads to: 
where 
lz = axial strain 
u z = axial stress 
F = force in the pile 
A = pile sectional area 
aw ( I ') lz = - az = - I + g (6.5) 
<Tz = Elz = -E(/1 + g1) (6.6) 
F = Auz =-EA(!'+ g') (6.7) 
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and the prime denotes the derivative of the function with respect to its argument. The 
particle velocity, v, is given by: 
aw 
v = - = -c(f' + g') at (6.8) 
By decomposing the force and velocity in two terms (Fd and Fu, and Vd and vu) corre-
sponding to the downward and upward travelling wave respectively we obtain: 
- !'+ , - + V - -c Cg - Vd Vu (6.9) 
F = -EAJ' + EAg' = Fd +Fu (6.10) 
Eqn. (6.9) and (6.10) lead to: 
(6.11) 
Fu= Vu* EA/c (6.12) 
which give the proportionality of the force in the pile to the particle velocity for each 
travelling wave in the one-dimensional wave analysis. The parameter EA/c is commonly 
referred to as the pile impedance. 
Figure 6.2.2 (a) and (b) show the comparison of the force at the top of the pile obtained 
from the strain gage record (measured force) and the integration of the acceleration record 
(v * EA/c) for two pile depths. We obtain good agreement at short times: L/c < 2 (before 
the arrival of the reflected wave, as we are dealing with a finite length pile) between the 
measured force (strain gage) and the calculated force (from accelerometer). The assumption 
of one-dimensional wave propagation for the impact stress wave in the pile gives a reasonable 
fit for the calculated force in the pile for our model experiments, as predicted by the theory. 
The delay or time differences in the plots, between the measured and the calculated forces 
correspond to the difference in position of the measuring devices, and to the limited validity 
of the application of the one-dimensional analysis for the three-dimensional problem of pile 
driving. The acceleration is measured in the pile cap and the force is measured directly on 
the pile, by the strain gages at 2.67 pile radii from the top. 
The pile dynamic response to the hammer impact is well observed, and the results 
show that simulation of pile driving is obtained in these centrifuge experiments. A more 
detailed analysis of the pile dynamic data is not addressed here. As mentioned in Chapter 
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1, the dynamic response of the pile has been the subject of many investigations, both 
experimental and numerical, since the introduction of the Smith's pile driving model in 
1960. The present work aims at obtaining a better understanding of the pile-soil interaction 
from the soil dynamics point of view, a subject which has not been looked at because of 
the difficulties involved in obtaining experimental data, as described in Chapter 1. The 
experimental method being established, we now present the results obtained on the soil 
response during pile driving. 
6.3 SOIL STRESS FIELD 
As mentioned in section 3.3.2, the soil stress field is monitored during driving by 
means of pressure cells located in the soil on a grid to represent radial vertical sections of 
the soil for this axisymmetrical problem. 
The insertion of the pile into the soil provokes perturbations in the soil mass. During 
pile driving, substantial soil remolding occurs below the tip and also along the pile shaft. 
Currently it is considered that pile driving in cohesionless soils can cause soil densification, 
which will be most pronounced in the immediate vicinity of the pile shaft and extends 
with decreasing intensity over a cylindrical region of several pile radii around the pile (see 
Figure 6.3.0.1). The driving process is also accompanied by changes in the horizontal and 
vertical soil stresses in the vicinity of the pile. In dense sand, expansion and loosening may 
take place as well as grain crunching and densification. Also, in the case of hard driving 
conditions, large residual stresses can exist both in the soil and in the pile. According 
to model and full-scale experiments it is observed that there exists a highly compressed 
conical wedge under the pile tip, as shown in Figure 6.3.0.2 As the pile penetrates deeper, 
the soil wedge (I) pushes the radial-shear zone (II) sideways into the plastic zone (III). The 
advancement of the pile is made possible by lateral expansion of the soil along the circular 
ring BD, as well as by compression that can take place within zones (II) and (III), Vesic 
[158]. 
Pile driving consists of a succession of impacts of the hammer on the pile. What 
happens at each hammer blow can be briefly described as follows: 
1. The pile is at a given depth in the soil; the stress gages are at one position in the soil, 
measuring static stresses. 
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2. The hammer strikes the pile, stress waves propagate down and up the pile at the rod 
velocity, for the stainless steel pile: ~ 11000/t/sec. 
3. Shear and pressure waves are propagated into the soil by the motion of the side and 
the tip of the pile. The travelling speeds of P and S waves, for the fine Nevada sand, 
are about 15 and 40 times smaller, respectively, than the travelling speed in the pile, 
at an average depth. 
4. The pile moves down a few hundredths of an inch. 
5. The soil stress waves are recorded by electrical signals from the pressure transducers 
(dynamic data obtained from the high speed analog-to-digital converter (ATD)). Waves 
are reflected by the side and base of the container. Then, all the transient stresses 
dissipate, and the soil reaches a new state of stress, referred to as "static stress field," 
captured by the general purpose ATD. 
6. The same sequence is repeated for the next blow. It is to be noted that the complete 
dynamic response of the pile and the soil is over before the next impact on the pile. 
The data consist of: 
a. dynamic data: time histories of transient stresses at given locations in the soil for given 
blows (given positions of the pile); 
b. static data: stress histories at given locations in the soil as the pile is driven into the 
soil. 
We present the total static stress history, at the points of interest in the soil surrounding 
the pile, as a function of the depth of the pile tip. 
Both vertical and horizontal stresses are measured. For pressure cells oriented such 
that they read radial stress (horizontal stress), we make the assumption that the initial 
horizontal stress, before driving, is on the at-rest pressure, or Ko, line, represented by the 
following expression suggested by Jaky: 
with 
Ko = 1 - sin</> 
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where 
<TH = initial horizontal stress 
uv = initial vertical overburden stress, which results from the density of the soil, the 
acceleration field, and the depth from the surface to the point in question 
Ko = coefficient of lateral stress 
</> = soil friction angle 
It was mentioned in Chapter 5 that the measurement of stresses in the soil by means 
of pressure cells requires special consideration, and the interpretation depends on the treat-
ment of the data. It was shown that the non-linear soil-cell interaction could be represented 
by a model described in section 5.3. In most investigations on soil stresses, nothing is said 
about soil-cell interaction, and this leads us to think that the approximation of a linear 
interaction and gage response is generally assumed. Therefore, to correspond with previous 
interpretations based on the linear assumption, the data from the pile driving experiments 
are first interpreted and presented on the basis of the linear assumption. Then later "real" 
soil stresses will be discussed. Although the word "stress" will be used in the following 
description, the real hysteretic behavior of the soil-stress cells on loading-unloading (Chap-
ter 5) means that the actual stresses will be much different from those of the figures and 
discussions. 
6.3.1 Measured static stress field: linear assumption 
In the case of the linear assumption, the value of the output of the cell at the 
end of the blow and the manufacturer's calibration factor are sufficient to calculate the 
stress; the stress obtained in this case is simply what we referred to as the measured stress 
9 = ~, Eqn. (5.2). 
6.3.1.1 Radial distribution of the radial measured stress 
Figures 6.3.1.1.a to 6.3.1.1.c present the evolution of stress in the soil, as 
a function of the depth of the pile tip, as the pile is driven down, for transducers located at 
the same given depth (Z/A= 16.00 (Fig. a), 26.67 (Fig. b), 37.33 (Fig.c)), but at different 
radial distances from the center axis of the pile (R/ A= 2.67, 5.33, 8.00, 16.00, 24.00). 
It is observed that closer to the pile: 
a. the peak stress level is higher 
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b. the rate of stress increase and decrease is higher 
c. the peak stress is obtained before the pile tip reaches the transducer level (D/A < 
Z/ A), whereas, farther away from the center axis, the peak stress is obtained after 
the pile has passed the level of the cell. 
d. the residual stress level, when the pile tip is much deeper than the transducer, is higher. 
As the pile penetrates into the soil a failure zone is generated at the tip of the pile 
(Figure 6.3.2), and the soil will flow around the pile tip toward the side. In the failure zone 
at the pile tip, large stresses in the elastic and plastic range and permanent (plastic) volume 
changes will be generated. Farther away from the pile, the soil rearranges itself to allow for 
the volume change of the pile penetrating into it, and at large distances presumably only 
elastic volume changes occur. In these experiments, the pile is closed-ended and there is no 
formation of a soil plug inside the pile. The soil, being in a medium-dense (i.e., "f = 99pcf) 
condition, is expected to densify, with the level of soil compaction decreasing away from 
the pile. As the pile tip gets closer to the transducer, the disturbance, and therefore the 
level of stress increase. Once the tip passes the level of the transducer the compression and 
large disturbance zone moves away from the transducer, relaxation will occur in the soil 
surrounding the cell, and the stress level decreases. 
It can be seen from Figures 6.3.1.1 that for a given position of the pile, after the pile 
tip has passed the depth of the transducers, the stress level is higher further away from the 
pile. This is due to the rapid and large decay of stress after its peak value, as monitored by 
the transducers closest to the pile. This can be explained by the presence of the "tensile" 
zone (actually decrease in compression) just above the plastic zone (III), and close to the 
pile. Because of the friction along the pile shaft and the compression at the pile tip, the soil 
in this area will be "pulled" down, thus allowing for relaxation of the existing compressive 
stress. Even though the word "tensile" is used, tensile stresses are not observed because of 
the existing compressive stress level; what is to be understood is that the stress increment 
is negative, compression is positive. Also the stress will still be increasing farther away 
from the pile, while closer it is decaying or stabilizing. It can be seen that in this case the 
frequently-used assumption ofradial expansion of a cavity ([24], [40], [42], [106], [157], [163]) 
as a model for soil response around a pile does not hold: the stress does not increase or 
decay monotonically with the radial distance from the pile. From previous studies ([8], [86]) 
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it was observed a.nd concluded that the excess radial stress due to driving was negligible 
compared to the overburden stress beyond a. distance equal to about 16 pile radii. It can be 
seen tha.t·for the experiments conducted in dry sand this is not true, because at a distance 
of 24 pile radii, there is still an excess stress due to driving, of the order of the overburden 
stress. 
Figure 6.3.1.1.a shows that, for the transducer closest to the pile, the stress drops to a 
minimum after the peak and then goes up again to reach the final value of residual stress. 
Also the peak value is very high, if compared to the peaks experienced by cells at the same 
radial distance but at greater depths in the soil (Figures 6.3.1.1 b and c). It is expected 
that the cell is in fact closer to the pile than the R/ A = 2.67 value which is aimed at during 
experimental set-up (see section 6.3.1.5). Hence, the relaxation will be larger, and as the 
pile tip moves a.way, and large disturbances die out, the soil reaches a steady state of stress. 
6.3.1.2 Vertical distribution of the radial measured stress 
Figures 6.3.1.2.a and b show the output of transducers reading radial 
stress and located at the same radial distance R/ A= 2.67, and at various depths (Z/ A= 
10.67, 21.33, 26.67, 32.00, 37.33, 42.67). Figure (a) gives stresses in real (linear assumption) 
terms, and (b) in non-dimensional form where the stress is normalized by the respective 
overburden stress at each transducer depth. 
It is observed that as the transducer depth increases: 
a. the overall peak stress level increases 
b. there is consistency in the rate of increase and decrease of the stress 
c. the peak is reached sooner, the farther up the pile is from the transducer level 
d. the final residual stress level increases 
In Figure 6.3.1.2.b, it is interesting to note that the non-dimensional peak stress is 
approximately the same for all the transducers, but the final residual stresses still increase 
with depth. 
6.3.1.3 Comparison of radial and vertical measured stresses 
Figures 6.3.1.3.a to 6.3.1.3.e show the variation of radial and vertical 
stresses at a given location. Figures a to c show the evolution of the stress fields for 3 pairs 
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of transducers at a given radial distance (R/A=5.33) and at different depths (Z/A= 21.33, 
26.67, 37.33), where the vertical stress is shown in a solid line and the radial stress in a 
dashed line. Figures d and e present the vertical stress change for 2 pairs of cells located 
at the same depth (Z/ A=32.00) but different radial distances (R/ A=2.67 and 8.00). 
We can observe a consistency in the behavior between the two cells of each pair. The 
vertical stress peaks before the radial stress and shows a local minimum when the radial 
stress peaks. The stress history can be decomposed into several stages in terms of the 
relative location of pile tip and transducer: 
1. The pile tip is well above the transducer level. The disturbance due to the insertion of 
the pile is felt as an essentially uni-axial compression. The axis of compression is close 
to vertical and the soil is under confined compression. There is reduction of volume, 
the sand grains are pushed closer together due to the predominance of effective normal 
stress over shearing stress. 
2. The pile tip is closer to the transducer. The vertical stress reaches a peak. The 
horizontal stress is increasing faster; the axis of compression has rotated to a more 
horizontal position. 
3. The horizontal stress is higher than the vertical stress, and both are higher than the 
overburden stress. Loading is essentially uni-axial, but the principal axis is close to 
horizontal. The equilibrium of the soil element under uniaxial loading results in a 
decrease of the normal stress. 
4. The radial stress reaches its peak and the vertical stress its local minimum. This is 
the point of maximum shear. 
5. Unloading of the horizontal stress occurs, the vertical stress increases to a local maxi-
mum, and the soil element is back to a state of stress close to the one of stage 2. 
6. The pile has passed the level of the transducers, relaxation proceeds, so that both 
radial and vertical stresses decrease to reach a final residual level. 
For small depths the radial stress increase is larger than the vertical stress increase 
(Fig. a). As the transducer depth increases the excess vertical and radial stresses become 
the same (Figs. a to c). For small radial distances the radial stress increase is larger. As 
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the transducer is placed farther away from the pile, the excess stress in both vertical and 
radial direction becomes the same (Figs. d and e). 
Figures 6.3.1.3.f and g give the distributions in radial and vertical directions of the 
vertical stress. Apart from the difference in shape for the vertical stress curve (camel) 
compared to the radial stress curve (dromedary), we observe the same trends as described 
in 6.3.1.1 and 6.3.1.2. 
6.3.1.4 Measured soil stress contours 
The stress contours presented in Figures 6.3.1.4.a and b compile the 
results of a variety of different tests into a global picture of the stress field. Because of the 
inherent symmetries of the experimental set-up only a section of the container is drawn. 
For a given position of the pile, (D/A= 15.0, 25.0), the stress level measured by each cell 
is obtained from the previously described static stress histories. These values of stress are 
placed at the transducers' locations, in the section, to draw contours. The radial stress 
contours are presented on the right side, and the vertical stress contours on the left side. 
The walls of the bucket are shown, for some boundary effects are expected. 
It was decided to present this graph in non-dimensional form where the depth and 
radial distance position of the transducer are normalized by the radius of the pile (Z/ A, 
and R/A respectively); and the stresses by the initial overburden stress. However, it has 
to be said that these contours have an indicative value and should not be understood as 
presenting exact values. There are many reasons for this but the main ones are: 
- some differences in soil and test conditions between different experiments 
- different driving histories from test to test 
- variations in the soil-cell interactions: uncertainties in the location of the cells, effect 
of the non-uniform placement of the soil 
- movement, especially of the closer cells, during driving 
- linear calibration assumption, the contours of stresses for the non-linear soil-cell model 
assumption are predsented later in Figure 6.3.3.5 
- insufficient number of cells 
However, from these contours we can observe that as the pile gets deeper: 
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- the zone of compression below the pile increases in size 
- the zone of influence further away from the pile wall increases 
- the upper lobe in the contours along the pile stretches: the zone of compression extends 
further up and away from the pile 
- the pile/soil interaction is truly three-dimensional 
From the shape of the contours we see that the radial stress does not decay monoton-
ically as a function of the radial distance. We then know that the analytical analysis of 
expansion of a cylindrical cavity will not fit the data in this case. Also, because the soil is 
dry, permanent volume changes have occurred. 
6.3.1.5 Peak measured radial stress variation 
Figure 6.3.1.5 presents the variation of the peak stress as a function of 
the radial distance in non-dimensional terms (Peak Stress/ ov, R/ A). For each point in the 
graph, two error bars could be drawn: in the horizontal direction to allow for the error in 
the transducer location, and in the vertical direction for errors in the stress measurement. 
The two points showing a very large stress indicate the stress levels close to the pile. For 
these two transducers the stress history during driving presents the peculiarity of a fast 
rise to a very high peak stress followed by a sharp decrease to a local minimum and then 
an increase to a final state of the stress (see Figure 6.3.1.1.b). It is concluded that these 
two cells were, in fact, closer to the pile than was estimated experimentally. 
Errors in position of the cells are to be expected for many reasons, but in particular, 
in these experiments they are caused by the non-concentricity of the container, the possible 
motion of the cells as the placement of the soil proceeds, and pile alignment during driving. 
Also closer to the center axis (small radial distance) the relative error becomes larger. It 
is observed that all the data can be fitted with a hyperbolic curve. A logarithmic decay 
curve, as predicted with the model of cylindrical expansion of a cavity, does not fit the data 
well. Using an upper fit of the hyperbolic curve: 
1 
Peak Stress/av = 20 * Rf A 
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a maximum peak non-dimensional stress of 20 at the boundary of the pile (R/ A = 1) is 
obtained. With that curve the new position for the two cells with high peaks is estimated 
to be R/ A= 1.6 and 1.5 respectively. 
6.3.2 Soil Dynamics 
In Chapter 5 we have shown that the interpretation of the pressure cell output 
in terms of soil stresses requires an understanding of the stress history during driving and 
thus an understanding of the soil dynamics. The instrumentation used in these experiments 
has enabled us to record the soil stress transients during the hammer impacts on the pile. 
Being able to look at both the pile and the soil transients during driving, and therefore 
at the pile-soil dynamic interaction, is something new and thus requires a careful analysis. 
So, to get a first picture of the soil dynamics, we first look at the dynamic stress field using 
the linear assumption in this section. In the following plots, model time is chosen as the 
time scale. For each transducer's depth a g-level is calculated giving a model to prototype 
scaling value. Because of the g-level gradient, prototype time plots would have different 
record lengths for transducers at different depths. In chasing model time, the time scale is 
the same for all the transducers. Centrifuge modeling gives a one-to-one relation between 
model and prototype stresses; therefore the stresses shown in the plots are both model and 
prototype stresses. 
6.3.2.1 Measured transient stress following a blow 
Figures 6.3.2.1.a and b show the soil radial dynamic stress history fol-
lowing a blow, for a transducer located at a depth Z/ A= 26.67 and a radial distance R/ A 
= 2.67; the pile depth is D/A = 24.1, and 26.80 respectively. Radial excess over static 
stress is shown. The static stress history of this transducer, presented in Figure 6.3.1.2.a, 
shows that before the pile tip reaches the level of the transducer the static stress level at 
the transducer location increases, and once the pile tip passes the level of the transducer, 
the static stress level decreases. 
In Figure 6.3.2.1.a, the pile tip has not yet reached the level of the transducer, which 
is situated very close to the pile axis. In the area where the transducer is located, the soil is 
submitted to large deformations and important densification to allow for the penetration of 
the pile. The transducer is in the failure zone of the pile tip compression area. The excess 
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stress at the end of the blow, which corresponds to the increment of the static stress field, 
is positive, which in turn means an increase of the static stress as described above. Large 
dynamic compressive excess over static stress is observed. Also the final residual stress 
increase at the end of the blow is small compared to the peak stress experienced during the 
blow. This demonstrates that the energy of the blow is absorbed by the rearrangement of 
the soil by elastic and also plastic deformation, including, in particular, volume decrease. 
In Figure 6.3.2.1.b, the pile tip has passed the level of the transducer. This time the 
excess stress at the end of the blow is negative, which corresponds to a decrease of the 
static stress as described above; also, large dynamic tensile excess stress is observed. The 
figure shows relaxation of the compression level, which indicates that the transducer is not 
in the compression part of the failure zone mentioned above but in the "tensile" region as 
described in section 6.3.1.1. In this case, pile skin friction stresses are predominant and 
these cause tension at the level at the transducer. 
6.3.2.2 Dynamic measured stresses, wave speed and stress 
decay 
Figure 6.3.2.2.a: Shows the time variation of stress for the transducers 
of Figure 6.3.1.1.b at Z/ A = 26.67 and different radial distances (R/ A = 2.57, 5.33, 8.00, 
16.00, 24.00). The pile tip is at this stage above the transducers' level, at a depth (D /A) of 
21.3. This means that the transducers are all seeing compressive stress. We can also observe 
evidence of the propagation of the P-wave, the velocity of which can be deduced from the 
delays between the rising edges of the records. The average velocity at this depth: Z/ A = 
26.67 has been calculated to be 1260 ft/sec, compared to 17,000 ft/sec for the pile. Also 
a higher velocity is observed closer to the pile where the soil is under higher compressive 
stresses. 
Figures 6.3.2.2.b and c show the output of two transducers located at the center axis 
below the pile top and reading vertical stresses. They are at depths of Z/ A = 48.0 and 
Z/ A = 56. 7 respectively. In Figure 6.3.2.2.b, the pile tip is a depth of D /A = 19.4, and 
at D/A = -39.4 in Figure 6.3.2.2.c. In both figures the transducers see compression but, 
as could be expected, the deeper the pile tip is, the larger the compression measured. The 
velocity of the P-wave can also be measured. In Figure 6.3.2.2.b the speed is 1450 ft/sec. 
This value is already higher than the previous 1260 ft/sec because the soil is at a higher 
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confining pressure at this depth. The increase of Young's modulus with confining pressure 
was given in section 3.1.1. The P-wave velocity given by Eqn. (6.3) also increases with 
confining pressure. In Figure 6.3.2.2.c, the speed is 1735 ft/sec. The difference gives an 
account of the densification and remolding of the soil caused by the insertion of the pile. 
The confining stress level at that stage of driving is higher at these locations than the initial 
confining pressure. 
In Figures 6.3.2.2. a, b, and c, the decay of the peak (dynamic) stress value can be 
observed both radially and vertically. We also see that the higher the stress the greater 
the decay (cf. figures b and c). In figures a and c, the peak stress for the transducer 
located close to the container boundary is not very important. This suggests that the 
reflection of the compression wave does exist but is not a too important phenomenon in 
these experiments. The duration of the compression for the transducer located close to the 
pile is larger than the time required by the P-wave to go to the container wall and to come 
back after having reflected from it. In contrast, the duration of the compression for the 
transducer located closer to the container wall is much smaller. This can be explained by 
the large decay of the transient stress. 
However, the presence of the container boundaries does have some effect on the pile-
soil dynamic interaction and this indicates limitations to the representativeness of these 
experiments with respect to the simpler case of a single pile driven in a half space. 
6.3.2.3 Radial distribution of the dynamic radial measured 
stresses 
The positions of the transducers of Figure 6.3.1.1.b at Z/ A = 26.67 
and different radial distances (R/ A = 2.57, 5.33, 8.00, 16.00, 24.00), are shown in Figure 
6.3.2.3.a, as well as the position of the tip of the pile for various blows (blow # 50 (B50), 
to blow# 100 (BlOO or BOA)). 
Figure 6.3.2.3.b (3 pages) shows the transient stress history of the different transducers 
for various blows as the pile is being driven into the soil. Only part of the time history of 
each blow is shown since the most significant part occurs at the beginning. Also, during 
this experiment we have evidence of a second smaller impact of the hammer on the pile, 
which generates a second wave of dynamic soil stress; for clarity the time history has been 
cut before the second impact. 
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Similar shapes of transient loading for all transducers are observed, with variation 
mostly in the amplitudes of stresses. The shape changes indicated by the different transient 
histories as the pile moves down are seen on all the transducers. There are four typical 
shapes of transient behavior schematically represented in Figure 6.3.2.3.c. The first one, 
Sl, (see T70PT1 blows 50 to 80) corresponds to the presence of a compression zone in 
the area of the transducer (as explained in section 6.3.1, the pile tip has not reached the 
transducer level). The second one, S2, corresponds to the beginning of relaxation after the 
peak static stress, when the peak transient stress is compressive, but the final level of stress 
at the end of the blow shows a decrease of stress. The third one, S3, (see T70PT1, blow 90) 
corresponds to a transition zone (pile tip at level of transducer), while the fourth one, S4, 
(see T70PT1, blow 100 (OA)) corresponds to the presence of a tensile zone in the area of 
the transducer (pile tip below transducer). The meaningful history (corresponding to the 
major increase and decrease of the static stress field) for a transducer output while the pile 
is driven can be described as a series of Sl with increasing amplitude, followed by a very 
few S2 (less than 10 blows) with decreasing amplitude, a few S3 (less than 10 blows), and 
then a series of S4. · When the stress reaches its final level, the signal shows low amplitude 
stress variations that account for the presence of waves propagating in the soil and still 
reaching the transducer. 
On the loading part of the stress curve the transient stress is essentially compression 
with an increasing amplitude as we get closer to the peak. Once the peak is passed we first 
have smaller compressions and then essentially relaxation. In analogy with the peak static 
stress (see section 6.3.l.1), the peak transient stress is reached sooner as we get closer to 
the pile. Also the duration of the compression-relaxation cycle is shorter as the transducer 
gets closer to the pile axis. 
6.3.2.4 Vertical distribution of dynamic radial measured 
stresses 
The positions of some of the transducers of Figure 6.3.1.2.a reading radial 
stress and located at the same radial distance R/A = 2.67, and at various depths (Z/A= 
21.33 (PT2), 26.67 (PT3), 32.00 (PT4), 37.33 (PT5)) and a transducer reading vertical 
stress and located at R/A= 5.33 and Z/A=26.67 (PTll), are shown in Figure 6.3.2.4.a, 
as well as the position of the pile tip for various blows (blow # 20 (B50), to blow # 230 
(B230 or B3B)). 
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Figure 6.3.2.4.b (7 pages) shows the transient records of the transducers of Figure 
6.3.2.4.a for various blows throughout the driving history. 
For the transducers reading radial stresses, a consistency in the history of shapes and 
amplitudes of the transients can be observed, as mentioned in the previous section. Because 
the transducers are located at different depths, the propagation of these shapes, and the 
evolution of the amplitudes, can easily be observed as the pile progresses downwards. 
For the transducer reading vertical stress, the history can be described also in terms of 
typical blow shapes. This time the transducer output history can be described as a series 
of 81 with increasing amplitude, followed by a series of 81 of decreasing amplitude. In the 
case of a vertical stress record history the second series of 81 lasts longer than in the case of 
a radial stress history. This coincides with the difference in shape of the static stress field 
described in section 6.3.1.3. The history proceeds with blows 82 and 83 and low amplitude 
variations. It is observed in the dynamic as well as in the static history (section 6.3.1.3) 
that the vertical stress shows higher transient peak stresses before the radial stress. 
6.3.2.5 Conclusion 
By using the linear assumption we have been able to identify the typical 
stress history seen by a transducer according to its location in the soil. When compared 
to the model defined in Chapter 5, the linear assumption actually represents an upper 
bound. In the typical shapes of transient stress 81, 82, 83, 84 (and the stress histories), 
it can be seen clearly that the peak values are much larger than the final residual stresses. 
This implies that the soil stress dynamics reflect the energy dissipation in the soil. This 
in turn entails a number of important non-linear phenomena that happen during driving 
(e.g., large stresses, large deformations, and plastic deformations), which cast doubt on the 
validity of the linear assumption for the soil-cell interaction. 
There are also limitations in the use of a fixed interaction model, the soil-cell model 
described in Chapter 5 (8CM), throughout the driving history, but this will give us a better 
estimation of the stress field because the model takes into account the non-linear behavior 
of the soil. 
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6.3.3 Calculated Static Stress Field: Soil-Cell Model Assumption 
In Chapter 5 it is shown that the linear assumption for the interpretation of 
the pressure cells output in terms of soil stresses, as was assumed in the above section, 
is not correct. Thus to obtain a correct picture of the stress field, we need to investigate 
closely the soil dynamics and then the stress history during driving. The model described in 
Chapter 5 is a history-dependent model; that means that, in order to calculate the stress at 
a given point, at a particular instant in time during the pile driving history, it is necessary 
to know the full past stress history before that point. 
The incremental state of stress in the soil after each impact of the hammer on the pile 
is the result of the transient stress history. This in turn implies that for a given transducer 
the final static stress field can be calculated using the model only by going through the full 
dynamic time history of stress at each blow. This has been done for selected transducers, 
and permits the same presentation of results to be made, as in the case of the linear 
assumption. 
6.3.3.1 Implications of the soil-cell model assumption 
Before presenting the results obtained using the soil-cell interaction 
model, it is necessary to say how the complete stress history throughout the driving, needed 
as input to the model, is obtained. 
Recreating the missing blow histories 
The dynamic data for each transducer are available only for every tenth blow. 
To record the complete history for each blow of every transducer for every test would have 
required equipment not available physically or financially. However, the procedure to be 
described can be justified by the fact that over 10 blows, the increase in depth of the pile 
is sufficiently small that the sensor sees practically the same waves coming from the pile. 
In the previous discussion it was pointed out that a stress interpretation by the nonlinear 
transducer calibration model requires a complete stress history. As the transient stress 
record for a transducer is available for every tenth blow only, this history is lacking for the 
previous 9 blows of each recorded blow. In order to get the complete history, it is necessary 
to recreate the effects of these 9 blows. The following reasoning to recreate the missing 
dynamic histories of the blows was used. 
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Figure 6.3.3.1.a shows values of stress directly evaluated from the output voltage values 
of the transducer from dynamic and static records. For all the measurements obtained from 
the dynamic records there is only one value every 10 blows; in between we link the points 
by a straight line (i.e., linear interpolation). The following is presented: 
1. the measured stress at the beginning of the dynamic record for each recorded tenth 
blow (axis shows "calibrated" line); 
2. the measured stress at the end of the dynamic record (dashed line); 
3. the measured static stress at each blow from the static record of the second ATD (solid 
line); 
4. the peak transient stress during a blow (dotted line); 
5. the minimum transient stress during a blow (dotted line); 
The correlation between 1, 2, and 3 confirms that the use of the linear interpolation 
does not bring significant modifications of the measured static stress history. Therefore, to 
recreate the missing blows we could use a linear interpolation of the recorded ones. 
Now, from Figure 6.3.3.1.b which shows the history of incremental (1st order deriva-
tive) measured stress, we see that the peak and minimum stress incremental histories are 
very different. It can be seen that the peak transient value can increase while the min-
imum value decreases. If a linear interpolation of a record is done, it is not possible to 
obtain simultaneously an increase of the peak and a decrease of the minimum, but only an 
increase or a decrease of both the peak and the minimum. Therefore, the use of the linear 
interpolation to create the missing blow histories would then have unwanted consequences 
such as the distortion of the expected signal. 
The choice was made to repeat each blow 10 times, which replaces the linear inter-
polation by a step approximation. This, in turn, implies that the same final static output 
will be found 10 times, which will not correlate well with the static data. Thus, the final 
output values for each blow will be given by the static data. 
To calculate the stress field at a given time the following steps have to be followed: 
1. reconstruct the blow history by using the method described above (i.e., repeating the 
effect of blow 20 for blows 16 through 25); 
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2. implement the correction given by the static stress field (which corresponds to adding 
an extra point to each blow); 
3. run the complete blow history through the model; 
4. write on file for each blow the static stress and output, the peak and minimum transient 
stresses and output, and the absolute maximum stress and output encountered. 
Implication of soil-cell model assumption for one blow 
Figure 6.3.3.1.c shows the transient records of a transducer located at Z/ A = 
26.67, R/ A = 2.67 obtained using the linear assumption and the soil-cell model. There 
are shown on the figure are several characteristic points on the records such as initial, 
peak, minimum, and final points. The points are also shown in Figure 6.3.3.1.d where the 
calculated stress is plotted versus the measured stress. In the case of the linear assumption, 
the calculated stress is equal to the measured stress, so the points lie on the diagonal. For 
the use of the model, the logarithmic decay and the asymptotic reloading can be followed. 
The points are not on the diagonal anymore, and lower values of stress compared to the 
linearvalues are observed. 
Figures 6.3.3.1 e and f present the same sequence as Figures 6.3.3.1.c and d, for the 
same transducer, with the pile at a depth of D /A = 26.8, instead of 22.6. The transient 
record then shows tensile stress instead of compression stress. The stress level is far below 
the past maximum stress, and there is then no contact between the hysteresis behavior of 
the stress signal and the diagonal line of the linear assumption. 
Comparison in the dynamic history between the linear 
and soil-cell model assumptions 
To illustrate the difference between the linear assumption and the model as-
sumption, we first compare the stress history (min, max, and static), measured (linear 
assumption), and calculated (model assumption), for one particular transducer in a given 
test. 
The results are given in figures 6.3.3.1.g to 6.3.3.1.k. The derived results from the 
model were obtained by running the model through the complete dynamic data. The 
following can be said about the resulting static values: 
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a. It should first be said that globally the behaviors in the linear and model assumptions 
are the same with differences of amplitude but not of physical representativeness. 
b. The smoothed steps that can be seen on the plots are due to repeating each blow 10 
times. 
c. Figures 6.3.3.1.g and h: globally, it can be said that the transient peak and minimum 
stresses in the model assumption have a greater value relative to the static value than 
to the linear assumption. 
d. Figures 6.3.3.1.i, j, and k show the comparison of peak stress (i), static stress (j), 
and minimum stress (k), for the linear and model assumptions. The two peak stress 
(i) histories are the same as the stress increases, but show small differences as they 
decrease, since the model peak stress is lower, as expected from the behavior of the 
model. The minimum stress (k) histories are quite different and show large differences 
in amplitudes. This is due to the fact that the minimum stress corresponds to the point 
on the logarithmic decay curve, which gives the biggest difference in stress for a given 
transducer output. The static stress value G) according to the model is substantially 
lower than the value given by the linear assumption. In a certain way it can be said 
that the model takes into account the existence of an "integration" part in the filtering 
effect the soil has on the stress dynamics. Another conclusion is that this difference 
repeated over an entire driving history will result in a substantially different set of final 
values of the residual stress field after driving. 
Figure 6.3.3.1.l shows the entire dynamic history, blow by blow both, both in the linear 
and model assumptions of the transducer located at Z/A = 26.67, R/A = 2.67, (PT3, T90), 
which illustrate completely what is described above in terms of peak, minimum, and static 
stresses. 
6.3.3.2 Calculated stress distribution 
Figure 6.3.3.2 presents the values of the radial distribution of the static 
radial stress field once the model has been applied (T70, PTl to PT5). The same test 
and transducers presented in Figure 6.3.1.1.b were chosen so that comparison would be 
facilitated. Globally, as mentioned in the previous section, the behavior is the same as 
in figure 6.3.1.1.b., with amplitudes and residual stress, however, sensibly less important. 
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From the model, we now know that the soil experiences very large transient stresses that will 
be largely dissipated since the static stresses are comparatively small. We expect therefore 
a lesser effect from pile driving on the soil than the linear assumption was previously telling 
us. 
Figures 6.3.3.3.a and b present the values of the vertical distribution of the static 
radial stress field once the model has been applied (T90, PTl to PT6). The same test and 
transducers presented in Figures 6.3.1.2.a and b were chosen so that comparison would be 
facilitated. As stated above, the same global behavior for the driving history is observed, 
but sustantially lower stress levels are obtained. In Figure 6.3.3.3.b, the normalization of 
the static radial stress by the overburden stress is not meaningful anymore. 
Figure 6.3.3.4 shows the comparison of the linear and model assumptions for a pair of 
transducers seeing radial and vertical stresses (TAO, PT2 and PT6). For both the vertical 
stress and the radial stress history, similarity in behavior is observed between the linear 
assumption and the soil-cell model results, with a reduction in the level of stress for both 
cases calculated by the use of the model. 
Contours of the radial stress field are shown in Figures 6.3.3.5 a and b, for a pile depth 
of D /A = 15 and D /A = 25 respectively. The distortions observed in the linear case are 
accentuated in the non-linear case. The lobes on the side extend further up as the pile 
penetrates into the soil, which would indicate a larger importance of the side friction on 
the pile shaft. The compression and failure zone under the pile tip can be observed. 
6.3.4 Discussion and conclusion 
It could be argued that the non-linear soil-cell model may provide a lower bound 
on the estimation of the soil stress field during and after driving because it gives quite low 
values. This can be explained by the fact that the model represents the non-linearity in 
the static soil-cell interaction, which is larger than the dynamic non-linearity of the soil-cell 
interaction. Also, it has to be kept in mind that the pile driving stress history is mainly 
dynamic. The linear assumption misleads us in the estimation of the stress level, for it does 
not take into account the non-linear behavior of the soil and of the soil-cell system. The 
true soil stresses are believed to be close to the calculated stresses (stresses obtained using 
the soil-cell model). Current pile driving analysis uses measurements of the pile dynamics 
-114 -
to obtain soil parameters. Those parameters relate to the dynamic properties of the soil, 
but are directly used to predict pile bearing capacity values. These are dependent on the 
static parameter values of the soil. The SCM assumption shows even more clearly than 
the linear assumption that the transient stresses in the soil are very large compared to the 
final static stresses. Therefore, a large discrepancy in the values obtained from dynamic 
measurements to predict static values is to be expected. 
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Figure 6.3.1.4 Measured verticaJ(left) and radial(right) stress contours 
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Figure 6.3.2.1 Mea.sured transient stress following a blow 
(a) Z/A = 26.67, R/A = 2.67; D/A = 24.1 
(b) Z/A = 26.67, R/A = 2.67; D/A = 26.8 
-·-(/) 
a. 
-(/) 
(/) 
Q) 
'-
.... (/) 
(/) 
(/) 
Q) 
0 
x 
w 
'O Q) 
'-
:::J 
(/) 
cu 
Q) 
2 
55 
-5 
-130 -
(a) 
/ 
• : 
: 
i i (\ 
! I '·-.. -· ...... - ....... 
I I -·-·, 
R/A = 2.67 
R/A = 5.33 
R/A = 8.00 
R/A = 16.0 
R/A = 24.0 
1------: , '\ .. 
I I ·, - ··-···· ·······-·-·· 
-------------- i . .,,,· ., __ ..... _ """----........... ----
·-·-·----· .......... , _____ ,.,,. .. .-·--·----....... 
... 
: ... 
.................... 
. .. . . . . .. . ....... ... 
........... 
. ...... . 
0.00~+,.,...------------------------..,...., ...7'E-03 
Model Time (sec) 
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(b) Measured transient excess stress (Page 1 of 3) 
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Chapter 1 
CONCLUSIONS AND RECOMMENDATIONS 
7.1 CONCLUSIONS 
A series of pile driving experiments has been conducted in a geotechnical centrifuge to 
determine the evolution of the soil stress field around the driven pile, both at the dynamic 
level of the pile-soil interaction following the hammer impact, and at the static level of pile 
installation in the soil mass. 
The development of a soil-cell model, to account for the non-linear behavior of the 
interaction between the measuring device and the soil medium, has proven the importance 
of the special consideration needed in the interpretation of soil stress measurement. Also 
the misleading estimation of stress obtained by the linear approximation of the soil-cell 
interaction has been confirmed by the calculation of more realistic soil stresses using the 
model. 
These tests provide the first full set of experimental data concerning the soil response 
during driving for a pile installed in dry sand. These results will enable the development 
of more accurate pile driving models, and will be useful in the verification of such models. 
It is essential in the modelling of a system to be able to predict the response of the various 
parts of the system. Until now only information on the dynamic response of the pile was 
available, limiting the validity of the modeling of the soil medium. The data obtained here 
will enable the pile driving model to be checked for the prediction of soil response, and 
therefore will lead to a better estimation of the soil characteristics consequent to driving, 
which up to now is the major difficulty of the analysis. This in turn is essential for the 
prediction of pile capacity, the key factor of pile driving analysis. 
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7.2 RECOMMENDATIONS 
The experimental results of this research contribute to a better understanding of 
the pile-soil system during driving, and also uncovered a need for further work. The 
centrifuge technique allowed us to perform model experiments, which are the most suitable 
for obtaining information on the soil response. Continuation of centrifuge experiments is 
warranted with different soils, and improved equipment and instrumentation. In particular, 
a longer arm for the centrifuge would be required to render insignificant the g-level gradient 
for the experiment. There is also a need to improve driving equipment, allowing for a perfect 
alignment of the soil container, the pile driving mechanism and the pile, so as to avoid pile 
bending and buckling, and to offer a large range of driving rate, for the study of the effect 
of stress relaxation after each blow. An important consideration is the use of a better 
device for the measurement of soil stress. As pressure cells are the only current technology 
available for the measurement of soil stress, the design of miniature pressure cells fulfilling 
the requirements stated in Chapter 5 is essential, as well as systematic calibration in the soil 
investigated, and under the experimental loading conditions ( both static and dynamic). 
The data acquisition system should allow for the storage of the complete driving history 
of the pressure cell readings for the use of a soil-cell interaction model. A next step is to 
conduct experiments on piles driven in saturated sands and clays. This implies important 
problems related to the scaling of the dynamic response of the soil and the pore pressure 
dissipation, as well the need for adequate instrumentation for dynamic measurement of 
pore fluid pressures. 
The use of the soil-cell model, and in particular the integration of data over an exper-
iment's history, has proven to be important for the dynamic problem of pile driving, and 
should be considered for the study of other problems of soil dynamics. 
The necessity of recreating the complete dynamic history for the soil stress field around 
the driven pile, implies the need to drive the piles in flight rather than pushing them at 1 
g or even at the test acceleration. 
Continuation of pile driving experiments and development of analysis methods for the 
understanding of the pile-soil system are needed to provide the engineer with a good tool 
for the design and control of piles. 
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APPENDICES 
Appendix A: CENTRIFUGE MODELING 
In recent years model experiments in the centrifuge have proven to be useful for the 
investigation of a wide range of geotechnical problems. The need for a centrifuge in ex-
perimental geotechnics arises from the nonlinear behavior of soil, the strong dependence 
of most soil properties on confining pressure, and the gravity-induced nature of the soil 
stresses. For a scale model of a prototype to give the same behavior as the prototype when 
the same soil is used, homologous points in the model and prototype must experience the 
same stresses. This is best achieved by subjecting the 1/N scale model to a gravitational 
field of Ng, where g is the Earth's gravitational acceleration. The principle of centrifuge 
modeling, established from the above-described physical considerations, can be extended to 
time-dependent events, such as dynamic soil-structure interaction and, in particular, pile 
driving. The scaling relations between prototype and model parameters for the centrifuge 
environment have been extensively discussed (e.g., [18], [19], [25], [51], [52], [71], [74], [92], 
[104], [105], [108], [109], [118], [119], [125], [128], [135], [133] and [148]). Here are presented 
only those scaling ratios used in the pile driving experiments described. 
Full Scale Centrifugal 
Quantity (prototype) Model at N*g 
Length 1 1/N 
Acceleration 1 N 
Mass 1 1/N3 
Density 1 1 
Stress 1 1 
Strain 1 1 
Time (dynamic problems) 1 1/N 
Frequency (dynamic problems) 1 1/N 
Velocity 1 1 
Force 1 1/N2 
Table A.I Scaling Ratios 
CONnJ- BRIDGE/STRAIN DESOlPTON OUTPUTEOUATION-E0 1E ACTUAL STRAIN £ 
RATION N=RANGa.ENT IN mVN INDICATED STRAIN • £ COfJfJENTS (!} Single active gage in uniaxial tension E FEx10· 3 A • 8 1 T .. 4 + 2 FE x1 o· 6 £ 1 F£x10 Nonllnear.(1) or compression. - .. + 6 £ 2 - Fh1 o· 
f£E FE(1-a)x1o" 3 A • 6 Two acilve gages in uniaxial stress Eo £ F£(1+a)x1 o 2 e'" - s A"' .. 1 + 2 - FE ( 1 +a) x 1 o· 6 Nonllnear.(1) field. 4 + 2F£ ( 1 +a) x 1 o £ 
~E Two acilve gages with equal strains of Eo Fe x10· 3 e 1 Fe x1 o· 6 3 E = 2 + FE x 10" 6 - .. + Nonlinear.( 1) same sign (bending cancellation). fl A • 6 E 2 - FE x10 
'""" ~ 
aJ Four acilve gages in uniaxial stress Eo FE ( 1 -a) x 1 o· 3 E FE (1 +a) x 10 - 6 4 E= 2+ FE(1+«)x1o· 6 A'"= 1 + A • 6 Nonlinear.(1) field. E 2 - FE ( 1 +a) x 1 0 E E I 
GJ Four active gages with pairs subjected ~ - 3 5 to equal and opposite strains (beam in E Linear. = FE x 10 A'"= 1 E bending). E 
-
Notes: (1) Incremental correction can be read directly from a graph. 
F • Gage Factor 
Appendix B.1 Wheatstone bridge configurations 
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Appendix C.1 Z 120 interface card 
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Appendix C.2 Analog to digital converter (John R. Lee) 
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Appendix C.3 Centrifuge 16 channel amplifier (John R. Lee) 
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Appendix C.4 Signal conditioner (John R. Lee) 
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Appendix C.5 RPM counter front end (Brian W. Rague) 
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RPM detector card (Brian W. Rague) 
